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CHAPTER 1
INTRODUCTION AND THEORY
1 .1 )  INTRODUCTION
A cco rd ing  to  IUPAC con ve n tio n * th e  group o f elem ents from  
a tom ic  number 57 to  71 ( lan thanum  to  lu te t iu m )  a re  d e fin e d  as th e  
la n th a n o id s  o r  la n th a n o id  e lem ents . I f  th e  elem ents scandium and 
y t t r iu m  a re  in c lu d e d  w ith  t h is  group th en  th e y  a re  known as th e  ra re  
e a r th  e lem ents . In  t h is  d is s e r ta t io n  th e  te rm  la n th a n o id s  (o r  
la n th a n o id  e lem ents) w i l l  be used f o r  th e  group o f  elem ents from  
lanthanum  to  lu te t iu m  and r.-ire e a r th  elem ents f o r  th e  group in c lu d in g  
th e  la n th a n o id s  and scandium and y t t r iu m .
The la n th a n o id  e lem ents a ro  g a in in g  im portance in  many f i e ld s  o f 
a p p l ic a t io n ^ .  One o f  th e  m ajor a p p l ic a t io n s  i s  th e  a d d it io n  o f 
these elem ents to  v a r io u s  s te e ls  to  in c re a se  o x id a t io n  re s is ta n c e  o r  
m a l le a b i l i t y .  G a do lin ium , samarium, europium  and dysprosium  a re  used 
i n  th e  n u c le a r in d u s tr y .  The la n th a n o id s  a re  im p o rta n t in  th e  g la ss  
in d u s try  as p o l is h in g  compounds and as c o lo u r in g  ag e n ts . O ther uses 
o f  th e  la n th a n o id s  in c lu d e  carbon a rc  l i g h t in g ,  TV tu b e s , g a rn e ts , 
hyd roca rbon c a ta ly s ts ,  and in  th e  m anufactu re o f  ve ry  sm a ll magnets 
f o r  th e  sem iconducto r in d u s tr y .
T h e ir  r e la t iv e  abundances in  th e  l ith o s p h e re  a re  q u ite  h ig h  (see 
T ab le  1 )  and th e y  can be sep a ra ted  from  each o th e r  u s in g  such 
te ch n iq u e s  as f r a c t io n a l  c r y s a l l is a t io n ,  l i q u id - l i q u i d  e x t ra c t io n  o r  
by io n  exchange chrom atography^.
S e ve ra l a n a ly t ic a l  te chn iq ue s  a re  a v a i la b le  f o r  th e  measurement 
o f  th e  la n th a n o id  elem ents in c lu d in g  in d u c t iv e ly  coup led  plasma 
a tom ic  em iss ion  spe c tro m e try  (IC P  AES), X -ra y  f lu o re sce n ce  
sp e c tro m e try  (XREo), mass spe c trosco py  (MS), io n  chrom atography (IC l) 
and atom ic  a b s o rp tio n  specroscopy (AAS) u s in g  flam e  a to m iz a tio n  o r  
e le c tro th e rm a l a to m iz a tio n  (ETA).
A tom ic a b s o rp tio n  spe ctrosco py (AAS) has been used f o r  n e a r ly  
t h i r t y  yea rs  as an a n a ly t ic a l  t o o l .  The in t r o d u c t io n  o f 
e le c tro th e rm a l a to m iz a tio n  (ETA) im proved th e  d e te c t io n  l i m i t s  f o r
Tab le 1 8 Comparison in  C ru s ta l Abundances between th e  Rare E a rth  





Lanthanum 18 .3 N itro g e n 46 .3
Cerium 46.1 4 0 .0
Praseodymium 5.5 3 Niobium 24.0
Neodynium 23 .9 C o b a lt 23 .0
Promethium 4.5x10*20 Lead 16 .0
Samarium 6.47 G a lliu m 15 .0
Europium 1.06 Molybdenum 2 .5 -1 5
Gado lin ium 6.36 B e ry ll iu m 6
Terbium 0.91 A rsen ic 5
Dysprosium 4.47 Uranium 4
Holmium 1.15 Boron 3
Erbium 2.47 Tantalum 2.1
T h u iliu m 0.20 Bromine 1.62
Y tte rb iu m 2.66 Antimony 1
L u te tiu m 0.75 Io d in e 0 .3
Cadmium 0.15
Scandium 5 Selenium 0.09
Y ttr iu m 26.1 0.005
Table 2 z Comparison o f  D e te c tio n  L im i ts  i n  th e  G rap h ite
Furnace and Flame A tom ic A b so rp tio n  S p ec tro scop y .4
Element D e te c tio n  L im its  
g ra p h ite  fu rn ace
( j i g / i )
(sam ple s iz e  100 p i )
D e te c tio n  L im its  
( p g /1 )
Aluminium 0.02 20
Arsen ic 0.1 150
Barium 0 .5




C oba lt 0 .05 10





T itan ium 20
Vanadium 1
Zinc 0.0005
moat e lem ents by up to  th re e  o rd e rs  o f  m agnitude . In  Tab le  2 ,3  
com parison i s  made between flam e and fu rn a ce  a to m iz a tio n  fo r  s e v e ra l 
e le m e nts . A s im i la r  in c re a s e  in  s e n s i t i v i t y  can be expected f o r  the  
measurement o f  th e  la n th a n a id s  u s in g  fu rn a ce  a to m iz a t io n . T h is  
in c re a se d  s e n s i t i v i t y  sho u ld  a llo w  measurement o f  th e  la n th a n o id s  a t  
low e r c o n c e n tra t io n s  th a n  n o rm a lly  a t ta in e d  by o th e r  te ch n iq u e s .
1 .2 )  AlinS OF INVESTIGATION.
The aim s o f  t h is  in v e s t ig a t io n  a re  d e fin e d  and d e ta ile d  be low .
1 )  To de te rm ine th e  a p p l i c a b i l i t y  o f  e le c tro th e rm a l a to m iz a tio n  to  
th e  measurement o f  th e  la n th a n o id  e lem ents and to  de te rm ine  optimum 
a to m iz a tio n  c o n d it io n s  f o r  these e lem ents .
2) To in v e s t ig a te  a s e le c te d  group o f th e  la n th a n o id s  in  more 
d e t a i l  w ith  re s p e c t to  th e  a to m iz a tio n  processes i n  t w  g ra p h ite  
fu rn r 'c e .
3 )  To in v e s t ig a te  in te re le m e n t in te r fe r e n c e  e f fe c t s  on t h is  group 
o f  la n th a n o id s  and p o s tu la te  in te r fe r e n c e  mechanisms and hence 
de te rm ine methods o f  overcom ing th ese  in te r fe re n c e  e f fe c t s .
4 )  To deve lop  an a n a ly t ic a l  method f o r  th e  d e te rm in a tio n  o f  
i n d iv id u a l  la n th a n o id s  i n  a m ixed la n th a n o id  m a tr ix .
1 .3 )  CHEMISTRY OF THE LANTHANOIDS.
1 .3 .1 )  O ccu irence and D i s t r i b u t i o n 's , 7 ,8 ,
The ra re  e a r th  elem ents a re  w id e ly  d is t r ib u te d  in  low 
c o n c e n tra t io n s  th ro u g h o u t th e  e a r th 's  c r u s t .  They o ccu r i n  many 
massive ro ck  fo rm a tio n s  e .g . b a s a lts ,  g ra n ite s ,  g n e isse s , sh a le s  and 
s i l i c a t e  rocks  in  th e  10 to  300 f ig /g  c o n c e n tra t io n  ran ge . There are 
a ls o  130 d is c r e e t  r a r e  e a r th  c o n ta in in g  m in e ra ls  most o f  w h ich  are 
ra re  b u t some have h ig h  ra re  e a r th  co n te n ts  in  th e  p e r ce n t range .
The te rm  "R are E a rth s " o r ig in a te d  fro m  the occu rre nce  o f  these 
e lem ents i n  o x id e  ( o r ig in a l ly  c a l le d  e a r th )  m ix tu re s . They a re  no t 
ra re  elem ents s in c e  t h e i r  a b s o lu te  abundances in  th e  li th o s p h e re  a re  
r e la t iv e l y  h ig h . The c r u s ta l  abundancies o f  th e  r a re  e a r th  elem ents
a re  d e ta ile d  in  Tab le  1 , Ath e  abundancies o f  some more common elem ents 
a re  in c lu d e d  fo r  com parison. Exam ination  o f  t h is  da ta  shows th a t  a 
number o f  elem ents n o rm a lly  con s ide re d  to  be common a re  a c tu a lly  le s s  
abundant than some o f  th e  ra re  e a r th  e le m e n ts .
Many ra re  e a r th  c o n ta in in g  m in e ra ls  have been d e sc rib e d  b u t o n ly  
a l im i t e d  number a re  bo th  s u f f i c ie n t ly  c o n ce n tra te d  in  w orkab le 
d e p o s its  and have s ig n i f i c a n t l y  h ig h  enough r a re  e a r th  c o n c e n tra t io n  
to  be o f economic in te r e s t .  The m ajor ra re  e a r th  c o n ta in in g  m in e ra ls  
a re  b a s tn a e s ite  ((C e jC O jF ), m onaz ite  ((C e )P O ^), xenotitne  
((Y )P 04) ,  g a d o l in i te  ( (Y ^a S ig O iQ  where M= Fe o r  8e) 
and sam a rsk ite  (R31 R22 (N b ,Ta)g02i  where R1 = Fe, Ca 
e t c .  and R2 = ra re  e a r th  e le m e n ts ). The r a re  e a r th  elem ents a re  a lso  
p re se n t i n  m in e ra ls  such as c a lc i t e  (CaC O]), f l u o r i t e  (CaFg), 
th e  a p a t ite s  ( (C a F jC A ^ G i j  and 
(CaCljCaaPgOiz) and s e h e e li te  (CaWQ^). The l a t t e r  
group o f  m in e ra ls  do n o t c o n ta in  th e  r a re  e a r th  e lem ents in  
s u f f i c ie n t ly  h ig h  q u a n t i t ie s  f o r  them to  be com m erc ia lly  v ia b le .  
However th e  la rg e  s c a le  con ve rs ion  o f  some o f  these m in e ra ls  to  
f e r t i l i z e r s  and o th e r  p ro d u c ts  makes th e  p o te n t ia l  su p p ly  o f  th e  ra re  
e a r th  e le m e n ts , as a by p ro d u c t o f  t h is  p ro ce ss , e x c e p t io n a l ly  la r g e .  
Europium because o f  i t s  d iv a le n t  o x id a t io n  s ta te  i s  o f te n  p re s e n t in  
m in e ra ls  such as c e r ta in  s t r o n t ia n i t e s  (S rC O j), t i t a n i t e s  
(C aT iS iO g), po tassium  fe ld s p a rs  (K A lS ijQ g ) and lea d 
a p a t it e s .
M onazite and b a s tn a e s ite  a re  th e  tw o most im p o rta n t m in e ra ls  
c o m m e rc ia lly . M onaz ite i s  e s s e n t ia l ly  a la n th a n e id  o rth op ho sph a te  b u t 
can c o n ta in  s ig n i f i c a n t  amounts o f  th o r iu m  (up to  20-30 pe r c e n t by 
w e ig h t ThOg). S ince m onazite  has a la rg e  d e n s ity ,  "the m in e ra l i s  
re le a s e d  by w ea the rin g  o f pe gm a tites  to  co n ce n tra te  in  a l l u v ia l  
sands. M onaz ite  occu rre nce s have been re p o rte d  th ro u g h o u t th e  w o r ld , 
b u t m in ab le  d e p o s its  a re  l im i te d  to  In d ia ,  B r a z i l ,  South A f r ic a ,  
A u s t r a l ia  and th e  U n ite d  S ta te s . B a s tn a e s ite  i s  w id e ly  d is t r ib u te d  in  
n a tu re  b u t n o t i n  s ig n i f ic a n t  q u a n t i t ie s .  I t  ga ined im portance a f t e r  
a s u b s ta n t ia l d e p o s it was d isco ve re d  in  a worked o u t go ldm ine a t  
M ounta in Pass, C a l i fo r n ia .  The m in e ra l was o r ig in a l l y  id e n t i f i e d  in  
B a stn as, Sweden. I t  i s  e s s e n t ia l ly  a lan thanum -ce rium  flu o ro c a rd o n a te  
c o n ta in in g  s m a ll q u a n t i t ie s  o f  th e  o th e r ra re  e a r th  elem ents and
v i r t u a l l y  no th o r iu m .
1 .3 .2 )  P ro p e r t ie s  o f  th e  La n thano ids and t h e i r  Compounds3»5,6,9,
The m e ta ls  a re  p repa red e i th e r  by m e ta llo th e rm ic  re d u c t io n  o r  
e le c t r o l y t i c  re d u c tio n  o f  m e lts .  For m e ta llo th e m ic  re d u c tio n  
anhydrous la n th a n o id  f lu o r id e s  a re  p re fe r re d  because o f  t h e i r  
s t a b i l i t y  in  m o is t a i r .  R ed uc tio n  is  u s u a lly  c a r r ie d  o u t us in g  
e le m e n ta l c a lc iu m , l i t h iu m  o r  a lith iu m -m a gn es iu m  a l lo y  as th e  
re d u c ta n ts . I t  i s  e s s e n t ia l th a t  bo th th e  la n th a n o id  f lu o r id e s  and 
re d u c ta n c ts  a re  pu re  p a r t i c u la r l y  w ith  re g a rd  to  oxygen and carbon 
s in c e  these elem ents in v a r ia b ly  end up in  th e  la n th a n o id  b i l l e t  i f  
p re se n t a t  th e  o u ts e t.  The e le c t r o l y t i c  method s u f fe r s  from  th e  same 
problem s as th e  m e ta llo th e rm ic  p ro cess . I t  i s  d i f f i c u l t  to  f in d  c e l l  
m a te r ia ls  w h ich  a re  n o t a t ta c k e d  by m o lte n  la n th a n o id s  and th e reb y  
in tro d u c e  im p u r i t ie s  in t o  th e  in g o t .  I t  i s  a ls o  d i f f i c u l t  to  des ign  
c e l l s  th a t  co m p le te ly  exc lu de  a tm o sph eric  e le m e n ts . T h is  method works 
b e s t fo r  th e  la n th a n o id s  w ith  low  m e lt in g  p o in ts .
Oxygen a t ta c k s  th e  m e ta ls  ve ry  s lo w ly  a t  r o r -  te m p era tu re  b u t a t  
e le v a te d  tem p era tu res  th e y  may ig n i t e  and bu rn  . ‘ ! v .  D i lu te
aqueous m in e ra l a c id s  r a p id ly  c o n v e rt th e  meta: "c ions o f  th e
te r p o s i t iv e  io n s . R e a c t iv i ty  w i th  w a te r decreases, , in c re a s in g  
a tom ic  number. A l l  o th e r  n o n -m e ta l l ic  e le m e n ts , exce p t th e  nob le  
gases, re a c t w ith  th e  la n th a n o id s , p a r t ic u la r ly  a t  e le v a te d  
te m p era tu res .
The la n th a n o id s  a l l  have h ig h  m e lt in g  and b o i l in g  p o in ts .  Vapour 
p re ssu res  have been e s ta b lis h e d  us in g  a v a r ie t y  o f  techn iques®  
and from  t h is  da ta  i t  i s  ap pa ren t th a t  samarium, y tte rb iu m , th u l l iu m  
and europium  a re  s ig n i f i c a n t l y  th e  most v o la t i l e .  M e lt in g  
p o in ts ] ,  b o i l in g  p o in ts ^ ,  vapour p re ssu re s10 and he a ts  o f  
s u b l im a t io n ] o f  these elem ents a re  d e ta ile d  in  Tab le  3 .
The ch e m is try  o f  these elem ents i s  e s s e n t ia l ly  io n ic  and i s  
de te rm ined p r im a r i ly  by th e  s iz e  o f th e  M-5"1" io n . C e rta in  
la n th a n o id s  show +2 o r  +4 s ta te s  bu t th ese  a re  le s s  s ta b le  th a n  th e  
+3 s ta te .  The most s ta b le  n o n - t r ip o s i t iv e  s ta te s  a re  namely 
c e r iu m ( IV ) , e u ro p iu m ( I l) ,  te rb iu m (IV )  and y t t e r b iu m ( l l ) .
P ro g re ss ive  c o n tra c t io n  o f  th e  a tom ic  ra d iu s  o f  th e  la n th a n o id s
Tab le  3 : M e lt in g  p o in ts ,  b o i l in g  p o in ts ,  vapour p re ssu res  and 
he a ts  o f  s u b lim a t io n  fo r  th e  la n th a n o id s .
Element
M e lt in g
°C
S o i lin g
°C
Vapour 
p tssu re  
atm.
s u b lim a tio n
!<J/mol
918 3264 1.1x10-89 431.0
798 3433 2 . 2x10-68 422.6
931 3520 5.5x10-57 355.6
Nd- 1021 3074 6 . 0x10 - S2 327.5
5m 1074 1794 5.2x10-51 205.7
Eu 822 1529 8 .4x10-26 144.7
Gd '(313 3273 9 .1x1 0 -6^ 397.5
1365 3230 4 .8x10-62 388.7
Dy 1412 2567 2.8x10-45 290.4
Ho 2700 3.9x10-47 300.8
E r 1529 2868 5.6x10-50 317.1
T * 1545 1950 2 .4x10-35 232.2
Yb 619 1195 1.9x10-21 152.1
Lu 1663 3402 1 . 2x1 0 -B8 427.6
w ith  in c re a s in g  a to m ic  nu r ' ; r  has a s ig n i f ic a n t  e f f e c t  an th e  
p ro p e r t ie s  o f  t h is  group o f  e le m e nts . The cause o f  t h is  c o n tra c t io n  
i s  due to  im p e r fe c t s h ie ld in g  o f  ons e le c t r o n  by a n o the r i n  th e  same 
s u b s h e ll.  P roceed ing from  lanthanum  to  lu te t iu m ,  th e  n u c le a r charge 
and th e  number o f  4 f  e le c tro n s  in c re a s e . The s h ie ld in g  o f  one 4 f 
e le c tro n  by a n o the r i s  v e ry  im p e r fe c t ow ing to  th e  shapes o f  th e  
o r b i t a ls  so th a t  a t  each in c re a s e  th e  e f f e c t iv e  n u c le a r charge 
exp e rien ced  by each 4 f  u le c t r o n  in c re a s e s  th u s  cau s ing  a re d u c t io n  in  
th e  s iz e  o f  th e  e n t i r e  4 f n s h e l l .  The a ccu m u la tio n  o f  these 
succe ss ive  c o n tra c t io n s  i s  th e  t o t a l  la n th a n o id  c o n tra c t io n . I t  
sho u ld  be no te d  th a t  th e  decrease a lth o u g h  steady I s  n o t q u ite  
re g u la r ,  th e  b ig g e s t decreases o c c u r in g  w ith  th e  f i r s t  f  e le c tro n s  
added $ th e re  a ls o  appears to  be a la r g e r  decrease a f t e r  f? ,  th a t  
i s  between te rb iu m  and g a d o lin iu m .
Anhydrous h a l id e s  a re  b e s t o b ta in e d  by d i r e c t  com b in a tio ns  o f 
th e  e le m e nts . D e h yd ra tio n  o f  hyd ra te d  compounds i s  com p lica te d  by 
h y d ro ly s is  to  th e  o x y h a lid e  spe c ies  (LnOX) p a r t ic u la r ly  as th e  
tem pera ture  in c re a s e s . The f lu o r id e s  a re  v e ry  in s o lu b le  in  w a te r and 
a re  le s s  s u s c e p t ib le  th an  th e  o th e r  h a lid e s  t o  h y d r o ly t ic  
d e com p os ition . The o th e r  h a lid e s  a re  so s o lu b le  th a t  t h e i r  h yd ra te s  
a re  n o t easy to  o b ta in  by c r y s a l l is a t jo n  and in  th e  anhydrous form  
th e y  a re  bo th  h yg ro sco p ic  and d e liq u e s c e n t. Aqueous s o lu t io n s  o f  th e  
c h lo r id e s ,  brom ides and io d id e s  a re  r e a d i ly  ob ta in e d  by d is s o lu t io n  
o f  th e  o x id e s , h yd ro x id e s  o r  carbonates in  a s o lu t io n  o f  th e  
a p p ro p r ia te  h y d ro h a lic  a c id  i n  w a te r o r  by d i r e c t  d is s o lu t io n  o f  the  
anhydrous compounds i n  w a te r .
N i t ra te s  a re  pre pa re d  by re a c t io n  o f  a s m a ll excess o f  th e  ox ide  
w ith  n i t r i c  a c id .  The s a l t s  c r y s a l l is e  as th e  hexehydra tes and are 
v e ry  s o lu b le  i n  w a te r and o f te n  s o lu b le  in  a lc h o h o ls , e s te rs  and 
ke ton es . When heated to  85Q0C ,th e  n i t r a te s  re le a se  oxygen and 
ox id e s  o f  n it ro g e n  and le a ve  th e  la n th a n o id  o x id e .
Anhydrous su lp h a te s  r e s u lt  when th e  ox id e s  a re  heated w i th  a 
sm a ll excess o f  c o n ce n tra te d  s u lp h u r ic  a c id  and th e  te m p era ture  i s  
ra is e d  to  4DO-5DO°C to  decompose th e  a c id  s u lp h a te s . They t b  
hyg rosco p ic  s o l id s  which d is s o lv e  in  w a te r w ith  th e  e v o lu t io n  o f 
h& a t. D c tah yd ra tes  c r y s t a l l i s e  from  aqueous s o lu t io n ,  S u lphates 
p y ro ly s e  above 10Q0oC to  lea ve  th e  co rresp on o in g  o x id e .
The la n th a n a id  oxides., a re  o f  th e  typ e  LngO] and a re  w e ll 
c h a ra c te r iz e d . The ox id e s  a re  o b ta in e d  by th e  ig n i t i o n  o f  th e  
hyd rox ide s  and most s a l ts  c o n ta in in g  o xo -an io ns  o r  by d i r e c t  re a c t io n  
o f  e le m e n ta l oxygen w ith  th e  m e ta ls . These compounds a re  s p a r in g ly  
s o lu b le  i n  w a te r and a lk a l in e  medium b u t d is s o lv e  r e a d i ly  in  d i l u t e  
m in e ra l a c id s . They have m e lt in g  p o in ts  o f  a p p ro x im a te ly  2000°C 
and t h e i r  b o i l in g  p o in ts  a re  around 350D°C. The process o f  
v a p o r iz a t io n  o f  th e  la n th a n o id  ox id e s  fo llo w s  one o f  two mechanisms, 
depending on w he the r th e  o x id e  i s  th a t  o f  a l i g h t  ( lanthanum  to  
ga do lin iu m ) o r  heavy ( te rb iu m  to  lu te t iu ro )  la n th a n o id " !1 . The 
fo rm er group d is s o c ia te  t o  th e  monoxide and th e  l a t t e r  group t o  th e  
m e ta l and oxygen,
— 2LnO + 0 L ig h t  la n th a n o id  o x id e .
LngO; —  2Ln + 3D Heavy la n th a n o id  o x id e .
O ther a u th o rs 12 have de te rm ined tw o d is s o c ia t io n  processes 
f o r  th e  la n th a n o id s .
L n g O ^s ) —  2LnD(g) + 30 (g )
LnO(g) —  Ln (g ) + 0 (g )
They p o s tu la te d  th a t  f o r  th e  h e a v ie r  la n th a n o id s  th e  second 
e q u a tio n  i s  th e  more dom inant p ro cess . The use o f  m onatomic oxygen in  
th e  above e q u a tio n s  i s  i n  accordance w ith  thermodynamic 
l i t e r a t u r e 11 »12.
H y d ra t io n  o f th e  ox id e s  to  hyd ro x id e s  i s  a c h a r a c te r is t ic  
p ro p e rty  o f  th e  la n th a n o id s . They absorb  carbon d io x id e  from  th e  a i r  
to  fo rm  b a s ic  ca rb o n a te s . In  f a c t , i g n i t i o n  in  a i r  does n o t y ie ld  
ca rbonate  fr e e  o x id e s  un le ss  th e  te m p era ture  exceeds 800°C.
The h yd rox ide s  ( o f  th e  typ e  Ln (0H )3) a re  p r e c ip i ta te d  in  th e  
hydrous fo rm  by aqueous ammonia, v a r io u s  amines and s o lu b le  a lk a l ie s .  
H ydrotherm al c r y s t a l l i z a t i o n  from  sodium h yd ro x id e  y ie ld s  the 
c r y s ta l l in e  h yd ro x id e s .
S e ve ra l types o f  c a rb id e  are known, th e  th re e  most common be ing  
Ln3C, LngC3 Qncl LnC2 . C arb ides o f  th e  Ln^C typ e 
a re  known fo r  y t t r iu m  and th e  samarium to  lu te t iu m  group o f
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ia n th a n o id s . LngC^ typ e  ca rb id e s  a re  known f o r  th e  lanthanum  
to  ho lm iu®  group and th e  d ic a rb id e  i s  known f o r  a l l  th e  Ia n th a n o id s .
H igh te m p era ture  beha v iou r o f  th e  la n th a n o id  d ic a rb id e s  
in d ic a te s  two modes o f  vaporization-'3, Those elem ents which 
n o rm a lly  e x h ib i t  th e  +3 o r  +4 o x id a t io n  s ta te  v a p o r iz e  to  bo th  th e  
gaseous m e ta l and gaseous d ic a rb id e  under e q u i l ib r iu m  c o n d it io n s . 
Ia n th a n o id s  w hich e x h ib i t  th e  +2 o x id a t io n  s ta te  y ie ld ,  w i th in  
d e te c t io n  l i m i t s ,  o n ly  th e  gaseous m e ta l. An exa m in atio n  o f  th e  
e lem ents in  q u e s t io n  in d ic a te s  a marked d if fe r e n c e  in  t h e i r  vapour 
p re ssu re  (T ab le  3 ) .  The m e ta l d ic a rb id e s  which va p cu r ize  a t  low 
te m p era tures p r in c ip a l ly  to  th e  elem ents a re  form ed from  m eta ls  w ith  
h ig h  vapour p re ssu re s , w h ile  those w h ich  vap o u rize  to  b o th  spec ies 
a re  form ed from  m eta ls  w ith  low  vapour p re ssu re s .
1 .4 )  ANALYTICAL CHEMISTRY OF THE LANTHAWQIOS.
S e ve ra l a n a ly t ic a l  te chn iq ue s  a re  a v a i la b le  f o r  the 
d e te rm in a tio n  o f  th e  Ia n th a n o id s . T r a d i t io n a l ly  w et chem ica l methods 
such as g ra v im e try , t i t r . im e t iy  and c o lo r im e t ry  were used.
The in t r o d u c t io n  o f  in s tru m e n ta l methods to  a n a ly t ic a l  che m is try  
in c re a se d  th e  scope o f  a n a ly s is  o f  th e  Ia n th a n o id s . C u r re n t ly , th e y  
a re  measured u s in g  such te chn iq ue s  as in s tru m e n ta l ne u tro n  a c t iv a t io n  
a n a ly s is  (1 N M ), in d u c t iv e ly  cou p le d  plasma a tom ic  em iss ion  
s pe c trom e try  (IC P -A E 5), X -ray  flu o re s c e n c e  spe c tro m e try  (XRFS), mass 
sp e c tro m e try  (M S), io n  chrom atography ( IC )  and a tom ic  a b s o rp tio n  
sp e c tro m e try  (AAS) u s in g  e le c tro th e rm a l a to m iz a tio n  (ETA) o r  flam e 
a to m iz a t io n . However,most o f  th ese  te chn iq ue s  re q u ire  a r e la t iv e ly  
la rg e  mass o f  sam ple. ETA-AAS has th e  advantage th a t  m u ltie le m e n t 
a n a ly s is  can be pe rfo rm ed on r e la t iv e l y  s m a ll sample masses which 
would have s ig n i f ic a n t  a p p l ic a t io n  in  th e  f i e l d  o f  la n th a n o id  
d e te rm in a tio n  and was th e re fo re  used in  th e  p re s e n t in v e s t ig a t io n .
1 .5 )  ATOMIC ABSORPTION SPECTROSCOPY.
1 .5 .1 )  S as ic  P r in c ip le s
The te ch n iq u e  o f  a tom ic  a b s o rp tio n  spe ctroscopy r e l i e s  e n t i r e ly
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on th e  a b s o rp tio n  o f  energy by va le nce  e le c tro n s  o f  ground s ta te  
atom s. When th e  a ‘ v  a re  i r r a d ia t e d  iv i th  l i g h t  o f  th e  c o r re c t 
w ave length ( i . e .  th . :jr fa s p o n d in g  to  th e  energy d if fe r e n c e  between
th e  e x c ite d  s ta te  th e  ground s ta te )  some o f  th e  energy w i l l  be
absorbed tc i r a is e  th e  atoms to  an e x c ite d  s ta te .
C onside r th e  system  :
O  e x c ite d  s ta te  
In c id e n t _  |  _  T ran sm itte d
r a d ia t io n  Z  r a d ia t io n
( I 0 ) @ ground s ta te  ( I t )
The r e la t io n s h ip  between th e  tra n s m it te d  and in c id e n t  r a d ia t io n  
i s  as fo llo w s  ;
It - loel-kyl)
inhere l= a b s o r t io n  pa th  le n g th
k j,= a b sa rp tio n  c o e f f ic ie n t  a t  freq ue ncy  v  .
b u t in  spe ctrosco py absorbance i s  d e fin e d  by t 
A = lo g ( l 0/ l t )
S u b s t it u t in g  :
A = k y l  lo g  e 
~ Q .4343kp l
In  p r a c t ic a l  s p e c tro sco p y , k y  i s  p r o p o r t io n a l t o  th e  number o f 
atoms p e r c u b ic  ce n tim e te r  and hence absorbance i s  l in e a r ly  
p ro p o r t io n a l to  a n a ly te  c o n c e n tra t io n , t h is  c o r r e la t io n  i s  known as 
th e  Beer-La tnbert Law.
1 .5 .2 )  B as ic  In s tru m e n ta t io n .
S ince th e  in t r o d u c t io n  o f a to m ic  a b s o rp tio n  in s tru m e n ts , by 
Walsh in  195514, th e  a n a ly t ic a l  scope o f  th e  te ch n iq u e  has been
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extended to  cuve r 67 e lem ents .
E s s e n t ia l ly  an a tom ic  a b s o rp tio n  system  c o n s is ts  o f  a l i g h t  
sou rce , an a to m iz a tio n  d e v ic e , a m onochromator, a d e te c to r  and some 






F ig u re  1 : T y p ic a l A tom ic A b s o rp t io n  System.
Each o f  these in d iv id u a l  components o f  th e  th e  a tom ic  a b s o rp tio n  
system  a re  d iscu ssed  in  d e ta i l  in  th e  fo llo w in g  s e c t io n s .
1 .5 .3 )  L ig h t  S o u rc e s .* '1^ * 15
S ince th e  energy from  th e  l i g h t  sou rce  i s  used to  e x c ite  th e  
va le nce  e le c tro n s  and hence g iv e  a measure o f  th e  c o n c e n tra t io n  o f  
th e  e lem ent under c o n s id e ra t io n , th e  sou rce  has s e v e ra l im p o rta n t 
re q u ire m e n ts . I t  sh o u ld  produce narrow  l i n e  s p e c tra  w ith  She minimum 
o f  s p e c tra l o v e r lo p . The em iss ion  in te n s i t y  o f  th e  sou rce  m ust be 
s ta b le  ove r lo n g  p e r io d s  and ensure a lo w  le v e l  o f  "n o is e "  d u r in g  
a n a ly s is .  The avo idance o f  h ig h  te m p e ra tu re s , p re ssu res  and c u r re n t 
d e n s it ie s  w i th in  th e  sou rce  i s  a ls o  an im p o r ta n t a id  to  o b ta in in g  the 
sh a rp e s t p o s s ib le  s p e c tra l l i n e .  H o llow  cathode lamps (H C L 's) and 
e le c tro d e ie s s  d is c h a rg e  lamps (E D L 's) s a t is f y  these c o n d it io n s  end 
are  th e  two main typ es  o f  l i g h t  sources used in  modern atom ic  
a b s o rp tio n  in s tu m e n ta t io n ,
1 .5 .3 .1 )  H o llow  Cathode Lamps.
The h o llo w  cathode lamp i s  th e  most w id e ly  used l i g h t  sou rce  in  
modern a tom ic  a b s o rp tio n  in s tru m e n ts , ft dtcyroM o f  a h o llo w  cathode 
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F ig u re  2 : H o llow  Cathode Lamp1G.
The main components o f  t h is  typ e  o f  source a re  a ho llo w  
c y l in d r ic a l  cathode made o f ,  o r  l in e d  w ith  th e  m eta l o f  in te r e s t , ^ a n  
anode en c losed in  a g la ss  tu b e  w hich i s  f i l l e d  w ith  a r  i n e r t  gas 
( u s u a l ly  neon o r  a rg on ) a t  a p re ssu re  o f  1 to  5 t o r r .  When an 
e le c t r ic a l  p o te n t ia l  o f  a p p ro x im a te ly  500V is  a p p lie d  between th e  
e le c tro d e s , a d isch a rg e  o f  th e  c a r r ie r  gas s t r ik e s  and appears as a 
g lo w in g  p o s i t iv e  colum n, because o f th e  pre ssu res  used t h is  te nd s  to  
co n ce n tra te  in  th e  h o llo w  ca tho de . The bombardment o f  th ese  io n s  in  
th e  in n e r  s u r fa c e  o f th e  h o llo w  cathade causes th e  m e ta l atoms to  
s p u t te r  o u t o f  th e  cathode cup. F u r th e r  c o l l i s io n s  e x c i te  th ese  t w ta l  
atoms and a s im p le , in te n s e , c h a r a c te r is t ic  spectrum  o f  th e  m e ta l i s  
o b ta in e d . In s u la t io n  h e lp s  to  c o n f in e  th e  d isch a rg e  w i th in  th e  ho llo w  
cathode lamp and reduce th e  p o s s ib i l i t y  o f  s e lf - a b s o rp t io n  and th e  
appearance o f  io n  l i n e s ,  ' e i th e r  o f  w V iic ii can
reduce th e  s lo p e  o f the c a l ib r a t io n  cu rve .
N orm ally  a d i f f e r e n t  lamp i s  used f o r  each e le m e nt. A lth ou gh 
m u ltie le m e n t lamps a re  a v a i la b le ,  th e y  a re  le s s  s a t is f a c to r y  due to  
d i f f e r in g  v o l a t i l i t i e s  o f  th e  m e ta ls . H o llow  cathode lamps have s h o r t  
warm-up tim es  and a lo n g  s h e l f  l i f e .  However fo r  some e le m e n ts , th e  
e m iss ion  in te n s i ty  o f  th e  h o llo w  cathode lamp i s  low  and 
e le c tr c d e le s s  dischage lamps a re  p re fe r re d .
1 .5 .3 .2 )  E le c tro d e le s s  D ischa rge Lamps.
These luerd f i r s t  developed f o r  use in  a tom ic  flu o re s c e n c e  
s p e c tro s c o p y .4 E le c tro d e le s s  d isch a rg e  lamps (EDL’ s )  may be 
o p e ra ted  a t  ra d io fre q u e n c ie s  (100kHz to  100MHz) and m icrowave 
fre q u e n c ie s  (>100MHz). M icrowave e x c ite d  EDL's produce a more in te n s e  
s ig n a l th an  ho llo w  cathode lamps however th e y  a re  much le s s  s ta b le .
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R adic frequency e x c ite d  EDU's a re  le s s  in te n s e  th an  m icrowave e x c ite d  
EDL's , a lth o u g h  th e y  a re  5-100 t i r e s  more in te n s e  th an  h o llo w  cathode 
lam ps. R ad io frequency e x c ite d  E D L 't a re  op e ra ted  from  a s im p le  power 
sup p ly  a t  27MHz, p re tun ed  and enc losed to  s ta b i l i z e  th e  s ig n a l .  They 
u s u a lly  have a b u i l t  in  s ta r t e r  w h ich  p ro v id e s  a h ig h  v o lta g e  spark 
to  io n iz e  some o f  th e  f i l l e r  gas f o r  i n i t i a t i o n  o f  th e  d isch a rg e , fin 
example o f  a ra d io fre q u e n c y  e x c ite d  EDL i s  shown in  F ig u re  3 .
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F ig u re  3 : Cutaway diagram  o f  a r . F .  e x c ite d  EDL16 .
I t  i s  u n l ik e ly  th a t  these lamps w i l l  eve r re p la c e  h o llo w  cathode 
lamps in  AflS s in c e  h ig h  in te n s i t y  i s  n o t o f  paramount im p orta nce . 
However th e y  have found use in  re p la c in g  h o llo w  cathode lamps w ith  
low  m is s io n  in te n s i t ie s  i n  w hich th e  s ig n a l- to - n o is e  r a t i o  (because 
o f  th e  low in te n s i ty  o f  th e  s ig n a l)  may ad ve rse ly  a f f e c t  th e  
d e te c t io n  l i m i t s 18 .
1 -5 .f i)  Monochromator and Read Out System s.*»15»16
D is p e rs io n  o f  th e  in c id e n t  r a d ia t io n  so th a t  th e  ob se rve r can 
is o la te  l i g h t  o f  any p a r t ic u la r  w ave length w i th in  th e  range o f  th e  
in s tru m e n t i s  th e  c la s s ic a l  method o f  w ave length s e p a ra tio n . In  
modern atom ic  a b s o rp tio n  in s tru m e n ts , g ra t in g s  r a th e r  than p rism s  a re  
used fo r  d is p e rs io n . A g r a t in g  i s  b a s ic a l ly  a tra n s p a re n t p la te  w ith  
l in e s  ru le d  on i t .  In  a tom ic  a b s o rp tio n  in s tru m e n ta tio n  g ra t in g s  w ith  
ru l in g s  o f  EDO to  3000 l in e s  p e r m il l im e te r  a re  commonly used. The 
g ra t in g  can be mounted in  th e  monochromator in  s e v e ra l ways, th e  most 
commonly used e re  th e  C zerny -T u rn a r, E b e rt and L i t t r o u  system s.
Atom ic a b s o rp tio n  and atom ic  em iss ion  ta ka  p la ce  a t  th e  same 
w ave lengths th e re fo re  i t  i s  necessary to  d isc .r im a te  between th e  two 
in  o rd e r to  o b ta in  th e  maximum a b s o rp tio n  s ig n a l.  T h is  was acheived 
in  W a lsh 's  o r ig in a l  de s ign  where th e  l i g h t  from  th e  lamp was focused 
a t  th e  c e n t i?  o f  th e  monochromator by th e  use o f  two len ses  (see 
F ig u re  4 ) .
The l i g h t  from  th e  lamp i s  fo cuse d a t  th e  c a n tre  o f  th e  
monochromator by th e  use or" tw o le n s e s . The flam e i s  p la ced  a t  the 
fo cus  o f  th e  second le n s  so th a t  th e  a tom ic  em iss ion  s ig n a l i s  
de focussed a t  th e  m onochromator. T h e re fo re  th e  a tom ic  a b s o rp tio n  
s ig n a l i s  maxim ized and th e  a tom ic  em iss ion  s ig n a l m in im ize d  a t  the 
monochromator.
The n e x t developm ent in v o lv e d  p la c in g  a r o ta t in g  s e c to r  ( c a l le d  
a chopper) in  th e  beam o f  l i g h t  between th e  l i g h t  sou rce  and th e  
flam e . The beam s t r ik e s  a s o l id  p o r t io n  o f  th e  chopper and i s  
in te r ru p te d ,  i t  s t r ik e s  a gap in  th e  chopper and passes th ro u g h . T h is  
r e s u lt s  in  m od u la tio n  o f  th e  in c id e n t  r a d ia t io n  and th e  atom ic  
a b s o rp tio n  s ig n a l i s  s a id  to  be m odulated b u t th e  a tom ic  em iss ion  
s ig n a l i s  n o t.  An AC a m p li f ie r  i s  th en  tuned to  th e  a tom ic  a b s o rp tio n  
s ig n a l and th is  s e le c t iv e ! ,  a m p li f ie s  o n ly  th e  atom ic  a b s o rp tio n  
s ig n a l.
However t h is  system i s  m echan ica l and can be u n r e l ia b le .  
Consequently most modern in s tru m e n ts  now m odulate th e  power sup p ly  to  
th e  l i g h t  source and t h is  may a ls o  be used to  t r ig g e r  th e  a m p li f ie r .
A p h o to i,m u ltip lie r  i s  used as th e  d e te c to r  i n  a l l  cases. A 
p h o to m u lt ip lie r  tu b e  c o n s is ts  o f  a p h o to s e n s it iv e  cathode and a 
s e r ie s  o f dynodes a t  su c c e s s iv e ly  more p o s i t iv e  p o te n t ia ls  
c u lm in a tin g  in  an anode. When photons s t r ik e  th e  c a th o d e ,e le c tro n s  
a re  e je c te d  and a c c e le ra te d  down th e  dynode c h a in . Each e le c tro n
F ig u re  4 : Walsh typ e  o p t ic a l  arrangem ent f o r  AAS.*1®
im p a c tin g  on th e  f i r s t  dynode causes a number o f  secondary e le c tro n s  
t o  be e je c te d  w hich a re  focussed on th e  n e x t dynode and th e  process 
re p e a ts  i t s e l f .  A f te r  s u ita b le  a m p li f ic a t io n >th e  s ig n a l i s  passed to  
th e  read o u t system.
The read o u t system can c o n s is t  o f  an analogue o r  a d ig i t a l  
m e te r. Many modern in s tru m e n ts  use m ic ro p roce sso rs  to  s im p l if y  
i n te r p r e ta t io n  o f th e  s ig n a l and these o f te n  in c o rp o ra te  programs fo r  
cu rve  c o r r e c t io n  and d i r e c t  c o n c e n tra t io n  read o u t.
1 .5 .5 )  Atom C e l l  o r  Reservoir.4*15 ,16
T h is  i s  th e  most im p o rta n t component o f  th e  in s tru m e n t s in c e  i t  
i s  necessary to  have a p o p u la tio n  o f  th e  n e u t ra l atoms o f  in te r e s t  in  
o rd e r to  g iv e  r is e  to  a tom ic  a b s o rp tio n .
S e ve ra l form s o f atom c e l l  have been used b u t flam es a re  s t i l l  
th e  most p o p u la r . S ince th e  atom c e l l  i s  re q u ire d  to  produce atoms in  
th e  ground s ta te ,  an a i r  a ce ty le n e  flam e i s  u s u a lly  s u f f i c ie n t  to  do 
t h is .  However shou ld  th e  elem ent under in v e s t ig a t io n  fo rm  r e f r a c to r y  
compounds th en  th e  h o t te r  n it r o u s  o x id e -a c e ty le n e  flam e i s  p re fe r re d . 
Pneumatic n e b u liz a t io n  i s  used to  in tro d u c e  th e  sam ple ,as an a e ro s o l, 
i n t o  th e  flam e .
O ther typ e s  o f atom c e l l  in c lu d e  th e  q u a r tz  c e l l  used fo r  th e  
a n a ly s is  o f  m ercury by th e  c o ld  vapour te ch n iq u e  and th e  a n a ly s is  o f  
h y d r id e  fo rm in g  e lem ents and th e  o p t ic a l ly  c le a r  c e l l  a s s o c ia te d  w ith  
e le c tro th e rm a l a to m iz a tio n .
1 .6 )  ELECTROTHERMAL ATOMIZATION
1 .6 .1 )  H is to r ic a l  Development'*7
A .S .K in g  i s  re co gn ise d  as be ing  th e  f i r s t  s c ie n t i s t  to  
in v e s t ig a te  e le c tro th e rm a l a to m iz a tio n  p rocesses. In  ISOS'*8 and 
1908*8 he re p o rte d  on fundam enta l s p e c tra l s tu d ie s  us in g  an 
e le c t r ic a l ly  heated tu b u la r  fu rn a c e . I t  was 1959 b e fo re  L 'vov^O  
began to  p u b lis h  h is  c la s s ic a l  work on th e  a p p l ic a t io n  o f 
e le c tro th e rm a l fu rn a ce  a to m ize rs  f o r  q u a n t i ta t iv e  a tom ic  a b s o rp tio n
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a n a ly s is .  Here th e  sample was a p p lie d  to  th e  t i p  o f  a carbon 
e le c tro d e  w hich was in tro d u c e d  in to  a c y l in d r ic a l  heated fu rn ace  
th ro ug h  a tra n s v e rs e  a p e rtu re  a t  th e  c e n tre  o f  th e  tu b e , f i t  f i r s t , t h e  
sample was heated us in g  a p o w e rfu l DC a r c ,  la t e r  t h is  was changed to  
s im p le r  r e s is t iv e  h e a t in g  o f  th e  e le c tro d e . The tu be  d id  n o t a c t  as 
th e  a to m iz in g  su rfa ce ^m e re ly  as an atom c e l l ,  th e  sample was atom ized 
from  th e  e le c tro d e . The a to m ize r was p la ce d  w i th in  a chamber f i l l e d  
w ith  n it ro g e n  o r  argon and th e  l i g h t  passed down th e  tu be  f o r  a tom ic  
a b s o rp tio n  measurement. T h is  a p p a ra tu s , a lth o u g h  i t  gave good 
s e n s i t i v i t y ,  was c r i t i s i s e d  f o r  be ing  to o  cumbersome.
In  1967 ,Massman22,23 d e sc rib e d  h is  heated g ra p h ite  fu rn a c e .
The g ra p h ite  fu rn a ce  c o n s is te d  o f  a g ra p h ite  tu be  w ith  a h o le  d r i l le d  
in  i t  f o r  th e  in t r o d u c t io n  o f  l i q u id  sam ples. The g ra p h ite  tu be  was 
sup po rted  between two w ate r coo led  s te e l  cones w hich were 
e le c t r ic a l ly  in s u la te d  from  each o th e r .  The fu rn a ce  was op era ted  in  
an atmosphere o f  a rg on . Because o f  i t s  s im p le r  d e s ig n , th is  de v ice  was 
adopted by most in s tru m e n t m an u fa c tu re rs .
1 .5 .2 )  G ra p h ite  Furnaces.
G ra p h ite  was chosen as th e  s ta nd a rd  fu rn a ce  m a te r ia l because i t  
has s e v e ra l im p o rta n t c h a r a c te r is t ic s  necessary f o r  a good fu rn ace  
m a te r ia l.  These a re  ;
1 )  Good th e rm a l and e le c t r ic a l  c o n d u c t iv i ty .
2) R e la t iv e  chem ica l in e r tn e s s .
3) Very low  le v e ls  o f  m e ta l l ic  im p u r i t ie s .
4 }  Good m a c h in e a b ility .
5 )  Low th e rm a l expansion and h ig h  r i g i d i t y .
6 )  H igh m e lt in g  p o in t .
However g ra p h ite  has two im p o rta n t d isa dva nta ge s in  th a t  i t s  
p o r o s ity  i s  q u ite  h ig h  and th e re  i s  a tendency For some elem ents to  
fo rm  r e f r a c to r y  c a rb id e s . These may be p a r t i a l l y  overcome j y  c o e tin n  
th e  tu be  w ith  p y r o ly t ic  g ra p h ite  w h ich , because o f  i t s  s t r u c tu r e ,  i s  
le s s  porous and th e re fo re  reduces d i f f u s io n  lo s s e s .
P y r o ly t ic  c o a tin g s  on g ra p h ite  fu rn a c e s , u s u a lly  IQ/im th ic k ,  a re  
form ed on th e  s u rfa ce  o f  th e  o r ig in a l  fu rn a ce s  in  a la rg e  p ro d u c tio n  
oven. In  th e  m an u fa c tu ring  process p y r o ly t ic  g ra p h ite  i s  d e p o s ite d  on
th e  s u b s tra te  g ra p h ite  from  th e  vapour phase a f t e r  therm a l 
de com position  o f  a s im p le  hyd roca rbon such as methane under low  
p re s s u re . As t h is  d e p o s it io n  proceeds, a dense, ha rd  la y e r  o f  
p y r o ly t ic  g ra p h ite  i s  b u i l t  up ove r th e  s u b s tra te  g ra p h ite .  The 
c r y s ta ls  o f  th e  p y r o ly t ic  g ra p h ite  l i e  v i r t u a l l y  p a r a l le l  to  th e  
s u r fa c e  and i t  i s  a n is o t r o p ic ,  b o th  e l e c t r ic a l ly  and th e rm a lly .
An a l te r n a t iv e  method o f  p ro du c in g  a p y r o ly t ic  co a tin g  on 
fu rn ace s  i s  to  co a t " i n - s i t u " 2 3 .  A 10% methane/90? argon m ix tu re  
i s  passed th ro ug h  th e  fu rn a ce  w hich i s  heated to  2000°C. The 
c o a tin g  i s  form ed on an e l e c t r i c , l l y  heated s u b s tra te  ra th e r  th an  in  
an is o th e rm a l env ironm ent and t h is  method a lth o u g h  u s e fu l in  
c a r e fu l ly  c o n tr o l le d  c ircu m stan ces , i n  g e n e ra l, g iv e s  in f e r io r  
re s u lt s  to  th e  com m erc ia lly  m anufactured ite m .
Some w orkers  have a ls o  used e th e r l in in g s 2 4  ( e .g .  tu ng s ten  
o r  ta n ta lu m ) o r  even m eta l a to m iz e r s ^  in  o rd e r to  reduce c a rb id e  
fo rm a t io n . Such l in in g s  o r  a to m ize rs  a lth o u g h  very  u s e fu l f o r  c e r ta in  
typ es  o f  a n a ly s is ,  have s e v e ra l d isa dva n ta ge s . T h e ir  m echan ica l 
re s is ta n c e  may decrease a f t e r  p ro lo ng ed  h e a t in g , t h e i r  chem ica l 
re s is ta n c e  i s  lo w e r than g ra p h ite  and in te r - m e t a l l ic  compounds .can
c£ rcducKin Hia n
form  between th e  s u rfa c e  and th e  a n a ly te .  Another m e th o d iis  tobu-rfavL
d e p o s it a c a rb id e  l i n in g  on th e  in n e r  w a l l  o f  th e  fu rnace^G  { e .g .  
by u s in g  tu n g s te n , ta n ta lu m , z irc o n iu m  o r  lanthanum  s a l t s ) .  S e ve ra l 
w o rkers  have re p o r te d  s u p e r io r  s e n s i t i v i t i e s  and lo n g e r fu rn a ce  
l i f e t im e s  f o r  these tu b e s .
R ece n tly  g la ssy  carbon has been used as an a l te r n a t iv e  to  
g ra p h ite .  T h is  m a te r ia l has th e  advantages o f  be ing  c o n s id e ra b ly  le s s  
porous th an  g ra p h ite  and th e  g la ssy  s u rfa c e  i s  r e s is ta n t  to  chem ica l 
a t ta c k .  Using s ta nd a rd  ETA power s u p p lie s ,th e  maximum a t ta in a b le  
te m p era ture  o f  a g la s s y  carbon fu rn a ce  i s  25G0K b u t re c e n t ly  i t  has 
been r e p o r te d ^  th a t  w ith  o n ly  m inor m o d if ic a t io n s  to  th e  power 
su p p ly , te m p era tures o f up t o  3200K can be a ch e ive d .
1 .6 .3 )  Sheath Gas.
M e ta l a to m ize rs  become b r i t t l e  w ith  o x id a t io n  whereas g ra p h ite  
a tom ize rs  become porous due to  lo s s  o f  carbon as carbon monoxide o r  
carbon d io x id e . C onsequently e le c tro th e rm a l a to m ize rs  have to  be
purged w ith  an in e r t  gas, u s u a lly  n it ro g e n  o r  a rg on , i n  o rd e r to  
reduce o x id a t io n  o f  th e  a to m ize r s u r fa c e . N itro g e n , a lth o u g h  cheaper 
th an  a rg on , can cause reduced s e n s i t i v i t y  fo r  some elem ents p ro ba b ly  
as a r e s u lt  o f  n i t r i d e  fo rm a tio n . T he re fo re  argon i s  th e  most o f te n  
used sheath gas. The gas f lo w s  around th e  o u ts id e , as w e ll  as th ro ug h  
th e  in s id e ,  o f  th e  g ra p h ite  fu rn a ce  and e x i ts  th ro ug h  th e  sample 
in je c t io n  h o le . The gas f lo w  r a te ,  i n  most modern in s tru m e n ta t io n , is  
a d ju s ta b le .
1 .6 .4 )  G ra p h ite  Tube D im ensions.
I n i t i a l l y  i t  was th ou gh t th a t  maximum s e n s i t i v i t y  would be 
o b ta in e d  from  la r g e r  tu b e s , as these would r e ta in  th e  a tom ic  vapour 
f o r  a lo n g e r p e r io d . However i f  th e  fu rn a ce  i s  to o  la r g e ,  i t  a t ta in s  
i» s  o p e ra tin g  te m p era ture  to o  s lo w ly  and causes r e la t iv e  background 
a b s o rp tio n  e f fe c t s .  Sm all fu rn ace s  te nd  to  have b e t te r  a b s o rp tio n  
e f f ic ie n c ie s  because fo cus  o f  th e  r a d ia t io n  beam occu p ie s  a la r g e r  
p ro p o rt io n  o f  t h e i r  m easuring volum e. Because o f  t h is  and th e i r  
s h o r te r  te m p era ture  r is e  t im e s , th e y  u s u a lly  have b e t te r  a b s o lu te  
s e n s i t i v i t i e s .  Very s m a ll sample v c jm e s , how ever, g iv e  r is e  to  worse 
r e la t iv e  s e n s i t i v i t y  and a n a ly t ic a l  accu racy . Most m an u fa c tu re rs  
o f f e r  s m a ll fu rn ace s  t y p ic a l l y  20-30mm lo n g  and 3 - 5mm in  d ia m e te r.
The e f f ic ie n c y  o f  h e a t in g  th e  g ra p h ite  fu rn a ce  i s  a ls o  
im p o r ta n t. The fa s te r  th e  h e a t in g  r a te ,  th e  more atoms w i l l  be form ed 
in  th e  atom c lou d  and hence th e  h ig h e r th e  s e n s i t i v i t y .  In  most 
com m erc ia lly  a v a i la b le  g ra p h ite  fu rn a ce  des igns e le c t r ic a l  c o n ta c t i s  
made a t  th e  ends o f  th e  fu rn a ce  by th e  use o f  m e ta l o r  g ra p h ite  
c o l la r s .  These c o l la r s  a re  w ate r coo led  and hence th e i r  tem pera ture  
never a t ta in s  th a t  o f  th e  fu rn ace  c e n tre  th e re fo re  th e re  i s  a 
te m p era ture  g ra d ie n t a lo ng  th e  le n g th  o f  th e  fu rn a c e . A l l  
e le c tru th e rm a l a tom ize rs  have a common problem  o f  no n -u n ifo rm  
te m p era ture  d is t r ib u t io n  a lo ng  th e  fu rn a ce  le n g th . T h is  tem pera ture  
g ra d ie n t i s  a ls o  tim e  dependent s in c e  i t  in c re a se s  w ith  in c re a s in g  
te m p era ture  and can reach va lu es  in  excess o f  1000 Kcm- "' f o r  th e  
HGA-21D0 w ith  a c e n tr a l  te m p era ture  o f  3000 K.
Tem perature g ra d ie n ts  can g iv e  r is e  to  in te r fe re n c e  e f fe c t s  in  
th e  g ra p h ite  fu rn a ce  in  two ways. F i r s t ly  by vapour con de nsa tion  on
tn e  c o o l fu rn a ce  ends memory e f fe c t s  o r  more im p o r ta n t ly  by 
re co m b in a tio n  and con de nsa tion  o f  th e  sample vap ou r. Tneso a re  th e  
m a jo r c o n tr ib u to r s  to  s p e c t r a l in te r fe re n c e s  due to  m o lecu la r 
a b s o rp tio n  and l i g h t  s c a t te r in g .
Use o f  m in ia tu re  g ra p h ite  fu rn a ce s  ( e .g .  V a ria n  CRA-63 and 
CRA-90) o b v ia te s  th e  te m p era tu re  g ra d ie n t p ro b lem . I t  has been shown 
th a t  th e  maximum d if fe r e n c e  in  te m p era tu re  from  th e  c e n tre  o f  th e  
fu rn c e  to  th e  ends i s  o n ly  240 K. In  t h is  de s ig n  c o n ta c t re s is ta n c e  
h e a t in g  was used w h ich  ensured lo c a l is e d  h e a t in g  and h ig h  power 
t r a n s fe r .
1 .6 .5 )  Furnace W a ll /  Gas Tem perature .
C r i t i c a l  c o n tr o l  o f  th e  te m p era tu re  program  i s  e s s e n t ia l i n  
e le c tro th e rm a l a to m iz a tio n  te c h n iq u e s . D ry in g  and ash te m p era tu res  
a f f e c t  th e  accu racy and r e p r o d u c ib i l i t y  o f  th e  measurement whereas 
a to m iz a tio n  te m p era tu re  in f lu e n c e s  th e  s e n s i t i v i t y  o f  measurement and 
condensed phase in te r fe r e n c e s .  Up to  t h is  s ta g e , th e  w a l l  te m p era tu re  
i s  th e  d e c is iv e  q u a n t i ty  b u t th e  subsequent chem ica l and p h y s ic a l 
p rocesses in  th e  gas phase a re  goverened by th e  te m p era tu re  o f  th e  
vapour in s id e  th e  fu rn a ce  and hence s p e c t r a l and vapour phase 
in te r fe r e n c e s .
Measurements o f  th e  w a l l  te m p era tu re  a re  c a r r ie d  o u t q u ite  
s im p ly  w i th  a therm ocouple b u t vapour tem p era tu res  have to  be 
de te rm ined s p e c tro s c o p ic a lly .  Vapour te m p era tu res  have been 
de te rm ined fo r  th e  CRA-63 and HGA-2000 and 2100 fu rn a c e s 20. These 
can be summarised by s ta t in g  th a t  i n  s m a lle r  fu rn a ce s  th e  average 
vapour te m p era tu re  may la g  th e  w a l l  te m p era tu re  by 100 K and in  
la r g e r  fu rn a ce s  by 300 K.
1 .6 .6 )  Furnace A to m iza tio n  C yc le .
In  e le c tro th e rm a l a to m iz a tio n  th e  processes o f d ry in g , p y r o ly s is  
and a to m iz a tio n  a re  asp e ra ted , t h is  ren de rs  th e  te chn iq ue  w ith  a 
degree o f  c o n tro l u n a t ta in a b le  w ith  a flam e . Most modern 
e le c tro th e rm a l a tom ize rs  a re  equipped w ith  programmable power 
s u p p lie s  which a llo w  a wide s e le c t io n  o f  o p e ra tin g  c o n d it io n s .
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however fo r  s im p l ic i t y  the fu rn a ce  c y c le  can be d iv id e d  in to  fo u r  
d i s t i n c t  phases :
1 ) D ry in g  S tage.
T h is  i s  a low  te m p era tu re  h e a t in g  c y c le  re q u ire d  to  evapo ra te  
th e  s o lv e n t.  A te m p era ture  s l i g h t l y  below th e  b a i l in g  p o in t  o f  the 
s o lv e n t i s  used to  p re ve n t s p u tte r in g  w hich would le a d  to  
ir r e p r o d u c it i le  r e s u lt s .  The d ry in g  tim e  i s  e s ta b lis h e d  as be ing  th e  
tim e re q u ire d  to  a llo w  com ple te e v a p o ra tio n  o f  s o lv e n t b e fo re  the 
n e x t phase and i s  dependant on th e  volume and v o l a t i l i t y  o f  s o lv e n t 
p re s e n t.
2 )  P y ro ly s is  o r  Ashing Stage.
The o b je c t iv e  o f  t h is  s ta ge  i s  to  remove as much o f  th e  sample 
m a tr ix  p re sen t as p o s s ib le  w ith o u t s ig n i f ic a n t  lo s s  o f  th e  e lem ent 
under in v e s t ig a t io n .  T h is  reduces in te re le m e n t and background 
in te r fe re n c e  e f fe c t s .  The p y r o ly s is  o r  ash ing  tim e  i s  ag a in  dependent 
on th e  amount o f  sample b u t a ls o  on th e  c o m p le x ity  o f  th e  m a tr ix .
3 ) A to m iz a tio n  S tage.
As w e ll  as be ing  e lem ent dependent t h is  s ta g e  i s  a ls o  m a tr ix  
dependent, s in c e  th e  a to m iz a tio n  process f o r  a g iv e n  e lem ent i s  
dependant on complexes p re se n t w i th in  th e  sam ple. The a to m iz a tio n  
tem pera ture  i s  op tim ize d  as be ing  th e  lo w e s t te m p era tu re  re q u ire d  to  
g iv e  th e  maximum a n a ly t ic a l  s ig n a l.  The low e r th e  te m p e ra tu re , th e  
lo n g e r th e  l i f e t im e  o f th e  g ra p h ite  fu rn a c e . The a to m iz a tio n  tim e  
sho u ld  be th e  minimum re q u ire d  t o  co m p le te ly  v a p o r iz e  th e  a n a ly te  
i . e .  th e  a n a ly t ic a l  s ig n a l sho u ld  r e tu rn  to  the b a s e lin e .
4 }  Tube Clean S tage.
I f ,  a t  th e  end o f  th e  a to m iz a tio n  s ta ge , th e re  i s  any re s id u a l 
a n a ly te  o r  m a tr ix  t h is  may a f f e c t  any subsequent measurements g iv in g  
r is e  to  a "memory e f f e c t " .  T h e re fo re  a tu b e  c lea n  s tage i s  
in c o rp o ra te d  in to  th e  fu rn a ce  c y c le  to  remove as much o f  th e  re s id u a l 
sample as p o s s ib le  p r io r  to  fu r t h e r  a n a ly s is .  D u ring  t h is  s ta g e  th e  
te m p era ture  i s  inc re a se d  to  s e v e ra l hundred degrees above th e  i n i t i a l  
a to m iz a tio n  te m p era tu re .
1 .6 .7 )  A to m iza tio n  Processes.
E le c tro th e rm a l a to m iz a tio n  te chn iq ue s  g iv e  g re a te r  s e n s i t i v i t y
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th an  c o n v e n tio n a l flam e te chn iq ue s  because o f  t h e i r  s u p e r io r  
a to m iz a tio n  e f f ic ie n c y  and th e  fa c t  th a t  th e  th e rm a lly  produced atoms 
a re  re ta in e d  fox  a lo n g e r p e r io d  in  th e  o p t ic a l  p a th . Thus, ove r t h is  
p e r io d  th e  ra te  o f  fo rm a tio n  o f  f r e e  atoms must be g re a te r  th an  the 
r a te  o f t h e i r  rem oval from  th e  l i g h t  p a th . The absorbance maximum is  
reached when th e  two ra te s  a re  in  e q u i l ib r iu m .
The processes in v o lv e d  in  th e  p ro d u c tio n  o f  these atoms a re  
dependant upon th e  compounds p re se n t i n  th e  fu rn a c e , th e  m a te r ia l 
from  w hich  th e  fu rn a ce  i s  c o n s tru c te d , th e  atmosphere w i th in  the  
fu rn a c e , th e  a to m iz a tio n  te m p era tu re  and th e  ra te  o f  in c re a se  in  
te m p era tu re .
Thermodynamic and k in e t ic  p r in c ip le s  have been used to  e x p la in  
a to m iz a tio n  processes in  e le c tro th e rm a l a to m iz e rs . S e ve ra l p o s s ib le  
re a c t io n s  a re  in v o lv e d  :
1) C onversion o f  th e  m e ta l s a l ts  to  th e  o x id e .
A t h ig h  tem p era tu res  n i t r a te s ,  su lp h a te s  and some c h lo r id e s  a re  
u s u a lly  con ve rte d  to  o x id e s .
2) E va po ra tion  o f  m eta l ox id e  o r  h a l id e  p r io r  to  a to m iz a tio n .
Most m eta l h a lid e s  a re  v o la t i l e  and evapora te  b e fo re
a to m iz a t io n . Sane m eta l ox id e s  have h ig h  vapour p re ssu res  a t  the  
te m p era tu re  a t  w h ich  a to m iz a tio n  i s  f i r s t  observed to  occu r ( i . e .  th e  
appearance te m p e ra tu re ) .
3) Therm al d is s o c ia t io n  o f  th e  m e ta l o x id e .
D is s o c ia t io n  o f  th e  m e ta l o x id e  i s  r e la te d  to  th e  tem pera ture  
and p re ssu re  in  th e  system  and to  th e  o th e r  spe c ies  p re s e n t. The 
degree o f  d is s o c ia t io n  o f  th e  m eta l o x id e , a  , can be c a lc u la te d  from  
th e  fo llo w in g  eq ua tion s  :
-A C  -  RTlnKp
and a  = K p /[K p+ > 0J
where A c  i s  th e  fr e e  en e rg y , Pq^ i s  th e  p a r t i a l  p re ssu re  o f 
oxygen and Kp i s  th e  e q u i l ib r iu m  c o n s ta n t f o r  th e  d is s o c ia t io n  o f 
th e  m eta l o x id e , MO as shown in  th e  fo llo w in g  e q u a tio n  z
n *  ■£t>2
Free energy va lu es  a t  v a r io u s  tem p era tu res  can be ob ta in e d  fo r  
many m e ta l ox id es  from  ta b le s  o f  thermodynamic d a ta .
In  g ra p h ite  a to m iz e rs , th e  v a lu e  o f  i s  e f fe c t iv e ly  
c o n tr o l le d  by th e  e q u i l i b r i a  :
20 + 0% =f*  200
200 + 02 #  2C02
4) R eduction o f  th e  m eta l o x id e .
Fo r a g ra p h ite  a to m iz e r , th e  re d u c t io n  process can  be d e sc rib e d  
by th e  fo llo w in g  e q u a tio n  :
M 0 (s / l)  + C (s) 5*  Pl(g) + 00 (g)
In  ge ne ra l te rm s , A G °r e a c t , th e  fre e  energy o f  r e a c t io n  
can be c a lc u la te d  fro m  th e  fr e e  energy o f  th e  p ro d u c ts  minus th e  
re a c ta n ts .  C a lc u la t io n  o f  th e  fr e e  energy o f  r e a c t io n  ove r a w ide 
range o f  te m p e ra tu re s , a llo w s  th e  e s t im a t io n  o f th e  te m p era tu re  a t  
w hich th e  fo rm a tio n  o f  f r e e  gaseous m e ta l becomes fe a s ib le  i . e .  when 
A G ° becomes n e g a tiv e .
E lling ha m  diagram s have been used f o r  these c a lc u la t io n s .  These 
d iagram s were o r ig in a l l y  used fo r  s tu d y in g  m e ta l lu r g ic a l  p rocesses 
and th ey  re q u ire  some m o d if ic a t io n  to  in c o rp o ra te  th e  added c r i t e r io n  
f o r  th e  f t  —s t io n  o f  gaseous m eta l atom s. In  t h is  case th e  
thermodynamic in fo rm a tio n  i s  p re sen ted  g r a p h ic a l ly .  The e s s e n t ia l 
re a c t io n s  to  co n s id e r a re  :
M0 ( s / 1 ) + C (s ) #  M(g) + 00(g)
C (s ) + 02 (g ) #  002(g )
2C (s ) + 02(g )  1*  200(g )
Such a thermodynamic approach can be extended to  c o n s id e r such 
problem s as c a rb id e  fo rm a tio n  :
M0 + 20 ^  MC + 00
The d i f f i c u l t y  i n  u s in g  a p u re ly  thermodynamic approach i s  th a t
i t  d e a ls  lu ith  e q u i l ib r iu m  c r i t e r i a  whereas th e  s i tu a t io n  in  a fu rn a ce  
i s  h ig h ly  dynam ic. T he re fo re  a lth o u g h  thermodynam ic c o n s id e ra tio n s  
a re  im p o rta n t i n  th e  d e te rm in a tio n  o f  th e  f e a s i b i l i t y  o f  a to m iz a tio n  
p rocesses, i t  i s  ap pa ren t th a t  th ese  processes must a ls o  be 
k in e t i c a l l y  c o n tr o l le d  in  o rd e r to  e x p la in  e xp e r im e n ta l r e s u lt s .
L 'vov^Q  proposed th e  fo llo w in g  e q u a tio n  f o r  th e  a to m iz a tio n  
process ta k in g  p la ce  in s id a  a g ra p h ite  fu rn a c e . The ra te  o f  change o f 
th e  number o f  atoms N in  th e  gaseous s ta te  i n  th e  a to m ize r i s  the 
d if fe re n c e  between th e  number o f  atoms e n te r in g  th e  system ( n i ) 
and th e  number o f  atoms le a v in g  th e  system  ( n j ) ,
d N /d t = n i ( t )  -  n2 ( t )
Tors;', and T e s a r i#  designed Q- model f o r  a carbon rod  
a to m iz e r. They assumed th a t  th e  sample was d e p o s ite d  on th e  s u r fa ce  
as a monatomic la y e r  and th a t  th e  space around th e  carbon ro d  a c ted  
as an i n f i n i t e  s in k  fo r  evapora ted  atom s. The ra te  o f  re le a s e  o f  
atoms i s  g ive n  by :
n i ( t }  = -s q d fl = ksq 0 
d t
inhere s = s u r fa c e  a rea in  cn2
0  = th e  f r a c t io n  o f  th e  s u rfa c e  covered 
a t  tim e t ( 0< $ < 1 ) 
q •• th e  s u rfa ce  c o n c e n tra t io n  when 0  =1 
k -  ra te  co n s ta n t fo r  th e  e v a p o ra tio n  process 
- «  "  &
For a norm al A rrh e n iu s  te m p era ture  dependence o f  k 
ni ( t )  = flqs0 e (- Ag/RT)
where A = frequency fa c to r  co n s ta n t 
R = gas co n s ta n t
T « te m p era ture  i n  degrees K e lv in
T h is  e q ua tion  d e sc rib e s  th e  ty p ic a l  peak s ig n a l because as T
in c re a se s  w ith  t im e , th e re  i s  a co rresp on d in g  decrease in  th e  va lu e  
o f  & as atoms a re  lo s t  from  th e  s u r fa c e .
F u l le r -*1 developed a model fo r  a to m iz a tio n  under is o th e rm a l 
c o n d it io n s  a p p lic a b le  to  le s s  v o la t i l e  elem ents in  a tu be  typ e  
a to m iz e r. In  t h is  case :
n-] ( t )  a k i [N (o )  -  N ( t ) ]
where N (o) i s  th e  i n i t i a l  q u a n t i ty  o f  e lem ent in tro d u ce d  
in to  th e  a tom ize r 
N ( t )  i s  th e  q u a n t i ty  o f  e lem ent a tom ized t o  tim e  t  
a rd  k-| i s  th e  r a te  c o n s ta n t fo r  th e  a to m iz a tio n  process
B ut N ( t )  = N ( o ) [ l - e ( - k i t ) ]
on s u b s t i tu t io n
n - ) (t)  a k iN (o je ^ ~ ^ ifc^
The r a te  o f  atom lo s s  i s  c o n tr o l le d  by d i f f u s io n  and by th e  f lo w  
o f  purge gas th ro ug h  th e  fu rn a c e . T he re fo re  ;
r>2( t)  = kgN
where kg i s  th e  ra te  co n s ta n t fo r  atom rem oval
Hence d N /d t = k iN ( o ) e ( " ^ i^ )  -  kgN
On in te g r a t io n
N = [k i /C k g -k i ) ]N {o )E e ^ " l<l t ^ -B ( "5<2f:^ ]
w h ich  re p re se n ts  th e  <{unnUty o f  atoms a t  any tim e .
K in e t ic  p r in c ip le s  have been used to  p o s tu la te  r e a c t io n  
mechanisms in  e le c tro th e rm a l a to m iz a tio n . The A rrh e n iu s  e q u a tio n  
expresses th e  v a r ia t io n  o f  a ra te  co n s ta n t w ith  te m p era tu re , 
k « A exp (-E /R T)
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A graph o f  In  !< us. 1 /T  y ie ld s  a s t r a ig h t  l in e  whose F lop s  is  
equa l to  -E /R . S ince E re p re se n ts  th e  energy re q u ire d  to  produce 
m eta l atom s, i t s  va lu e  may be r e la te d  to  th e  thermodynam ic fu n c t io n s  
de sc rib e d  e a r l i e r .
1 .7 )  INTERFERENCE
In te r fe re n c e  i s  d e fin e d  as an e f fe c t  in  which th e re  i s  a 
sys te m a tic  d e v ia t io n  o f  th e  a n a ly te  s ig n a l i n  th e  presence o f 
con com ita n ts . The in te r fe re n c e  may be due to  a p a r t ic u la r  concom itan t 
o r  th e  combined e f fe c t  o f  s e v e ra l con co m ita n ts . A con com ita n t which 
causes an in te r fe re n c e  i s  c a l le d  an in te r f e r e n t .  In te r fe re n c e  o n ly  
causes an e r r o r  i f  no t a d eq ua te ly  c o r re c te d  fo r  d u r in g  an a n a ly s is .  
U nco rrected  in te r fe re n c e  may g lu e  r is e  to  e i th e r  enhancement o r  
suppress ion  o f  th e  a n a ly te  s ig n a l.
A lth ou gh flam e a tom ic  a b s o rp tio n  i s  s u b je c t to  in te r fe re n c e  
e f fe c t s ,  u s u a lly  these e f fe c t s  a re  le s s  severe th an  those exp erien ced 
us in g  e le c tro th e rm a l a to m iz a tio n  te c h n iq u e s . The s u p e r io r  
s e n s i t i v i t i e s  o b ta in e d  when u s in g  e le c tro th e rm a l a to m ize rs  a re  due to  
th e  g e n e ra tio n  o f  h ig h e r c o n c e n tra t io n s  o f  n e u t ra l a tom s. The 
p h y s ic a l processes go ve rn in g  atom p ro d u c tio n  can , however, a ls o  g ive  
r is e  to  h ig h e r in te r f e r e n t  c o n c e n tra t io n s .
A cco rd ing  to  IUPAC nom encla tu re  approved in  1975^2  ^
in te r fe re n c e  in  bo th  flam e and e le c tro th e rm a l te chn iq ue s  can be 
d iv id e d  in to  two groups :
1) S p e c tra l in te r fe re n c e s  which can be due to  in co m p le te  is o la t io n  o f 
th e  a n a ly te  s ig n a l from  th a t  o f  th e  in te r f e r e n t .
2 ) N o n -s p e c tra l in te r fe re n c e  caused by cha;.uas in  th e  atom ic  
c o n c e n tra t io n  b e in g  measured and th e re fo re  a f fe c t in g  d i i r e c t ly  th e  
a n a ly te  s ig n a l.
N o n -s p e c tra l in te r fe re n c e s  can th en  be s u b d iv id e d  in to  two 
d i s t i n c t  g ro up s , namely condensed and vapour phase in te r fe re n c e s . 
Condensed phase in te r fe re n c e  is  a change in  th e  ra te  o f  a n a ly te  
supp ly  and vapour phase in te r fe re n c e  i s  a change in  th e  ra te  o f 
a n a ly te  rem ova l.
1 .7 ,1 )  S p e c tra l In te r fe re n c e .
T h is  typ e o f  in te r fe re n c e  i s  u s u a lly  th e  r e s u l t  o f  m o le cu la r 
a b s o rp tio n  a n d /o r l i g h t  s c a t te r in g  by p a r t ic le s  in  th e  o p t ic a l  pa th .
1 .7 ,1 .1 )  In te r fe re n c e  Mechanism.
S c a tte r in g  o f  th e  l i g h t  beam by e " fo g "  o f  m o lecu la r spe c ies  a t 
th e  c o o le r  fu rn a ce  ends was f i r s t  no ted  by L 'v o v ^ S . A p a rt from  
p a r t ic le s  farm ed by con de nsa tion  from  th e  vapour pfa 'se , p a r t ic le s  can 
a ls o  be form ed d u r in g  de com position  o f  ovgan ic  m a te r ia ls  o r  by 
re le a se  o f  g ra p h ite  from  th e  fu rn a ce  a t  h ig h  a to m iz a tio n  
te m p era tu res . I'lassman e t  a l3 4  suggested th a t  m o le cu la r a b s o rp tio n  
s p e c tra  i n  th e  u l t r a  v io le t  and v is ib le  re g io n  can be d iv id e d  in to  
two groups, namely d is s o c ia t io n  co n tin u a  and e le c t r o n ic  band s p e c tra .
The d is s o c ia t io n  c o n tin u a  w hich show c h a r a c te r is t ic  band maxima 
a re  due to  d is s o c ia t io n  o f  moJecules in  th e  vapour phase fo llo w in g  
a b s o rp tio n  o f  l i g h t  quanta ( i . e .  p h a to d is s v u ia t io n ) . Queer and 
Massman33 were a b le  to  fo llo w  v a p o r iz a t io n  and decom p os ition  o f 
m olecu les c o n ta in in g  la rg e r  numbers o f  atoms by id e n t i f y in g  s e ve ra l 
in te rm e d ia te  de com position  p ro d u c ts . An example i s  th e  v a p o r iz a t io n  
and decom position  o f  v a r io u s  m eta l su lp h a te s  in  th e  g ra p h ite  fu rn a ce  
and th e  a b i l i t y  t c  c o n firm  th e  fo llo w in g  p h o to d is s o c ia t io n  processes 
ta k in g  p la c e d ,34 :
SO3 + hi> — SO2 + 0 a b s o rp tio n  th re s h o ld  w ave length 33Gnm 
SOj + hp  — 50 + 0 a b s o rp tio n  th re s h o ld  w ave length ISDnm
SO + hl> - *  5 + 0 a b s o rp tio n  th re s h o ld  w ave length 245nm
The a b s o rp tio n  e le c t r o n ic  band s p e c te r  observed in  g ra p h ite
fu rn ace s  as w ith  th e  co rresp on d in g  em iss ion  s p e c tra  o f  m o lecu les and
r a d ic a ls  d is p la y  f in e  s t r u c tu r e  and h ig h  -■ '• jc tra l re s o lu t io n  
in s tru m e n ta tio n  i s  necessary to  o b ta in  a tr u e  p ic tu r e  o f 
e le c tro th e rm a l a to m iz a tio n . P rom inent CN-batids have been observed in  
n it ro g e n  purged fu rn a ce s , these have band heads c lo s e  to  390nm and 
show an e x p o n e n tia l absorbance in c re a se  as th e  fu rn a ce  ages33,34 . 
S trong Cg-bands w ith  band heads between 430 and 570 nm have a ls o
been suggested to  c o n tr ib u te  to  fu rn a ce  background.
When heated to  tem pera tures in  excess o f  10Q0oC, th e  
g ra p h ite  fu rn a ce  m i l l  e m it l i g h t  s im i la r  to  th a t  o f  a o la ck  body 
r a d ia to r .  T h is  e m itte d  l i g h t  i s  e s s e n t ia l ly  dc in  n a tu re  because o f 
th e  th e rm a l mass o f  g ra p h ite .  S ince m ost atom ic  a b s o rp tio n  
spe c trom ete rs  m odulate e i th e r  th e  sou rce  o r  d e te c to r  o r  b o th , t h is  dc 
component i s  re je c te d  even when im p in g in g  on th e  p h o to m u lt ip lie r .  
However a le v e l  can be reached when t h is  dc e m itte d  component 
"b re a k s -th ro u g h 1* th e  e le c t r o n ic  system and th e  r e s u lt s  w i l l  become 
u n r e l ia b le .  S e ve ra l fa c to r s  in c re a se  th e  l ik e l ih o o d  o f  such eve n t a t  
a g ive n  fu rn a ce  te m p era tu re , v iz ;
1) Wide monochromator bandpass.
2) Low h o llo w  cathode lamp c u r re n ts .
3) In c o r re c t  fu rn a ce  a lig n m e n ts .
4 )  Use o f  w ave lengths in  th e  3DD-600nm re g io n s .
5) E lem ents whose h o llo w  cathode lamps a re  r e la t iv e l y  weak in  
o u tp u t.
The em iss ion  p r o f i le  o f  g ra p h ite  a t  2700°C i s  shown in  
F ig u re  5 . The r a t i o  o f  em iss ion  in te n s i t y  from  th e  fu rn a ce  to  
in te n s i ty  o f  th e  h o llo w  cathode lamp a t  th e  recommended o p e ra tin g  
c o n d it io n s  i s  g re a te s t f o r  th e  elem ents ba rium , c a lc iu m , dysprosium , 
erb ium , europium  and te rb iu m  (u s in g  t h e i r  recommended a to m iz a tio n  
c o n d it io n s ) .  T he re fo re  problem s w ith  incandescence a re  most l i k e l y  to  
occu r w i th  these e lem ents .
F ig u re  5 : Em iss ion  P r o f i le  o f  G ra p h ite  a t  2700aC .5*
C onsequently i t  i s  im p o rta n t th a t  th e  a to m ize r i s  p ro p e r ly  
a lig n e d  to  reduce incandescence e f fe c t s .  O p era tio n  o f th e  ho llow  
cathode lamp a t  a h ig h e r c u r re n t w i l l  enab le a low e r g a in  to  be used 
on th e  p h o to m u lt ip lie r .  The use o f  a reduced h e ig h t s l i t  o r  a 
re d u c tio n  in  a to m iz a tio n  te m p era ture  w i l l  a ls o  reduce em iss ion  
in te n s i t y  a t  th e  p h o to m u lt ip lie r .
1 .7 .1 .2 )  In te r fe re n c e  Removal.
In te r fe re n c e  can be removed o r  reduced by chem ica l o r  
no n-chem ica l means.
a )  In te r fe re n c e  Removal by Chemical Means.
The a n a ly te  can be c h e m ic a lly  separa ted  from  th e  m a tr ix  by th e  
use o f  io n  exchange re s in s  o r  by s o lv e n t . a c t io n  te ch n iq u e s . 
However th ese  methods a re  tim e  consuming . in !  prone to  c o n ta m in a tio n .
I t  i s  a ls o  p o s s ib le  to  sep a ra te  th e  a n a ly te  from  th e  
in te r f a r e n t ,  i n  th e  Furnace i t s e l f ,  by s e le c t iv e  v o la t i l i z a t i o n .  I f  
th e  m a tr ix  i s  more v o la t i l e  th an  th e  a n a ly te , th e n , i t  may be p o s s ib le  
to  remove th e  m a tr ix  by th e  use c h ig h  ash tem p era tu res  o r  long 
ash ing  t im e s . A l te rn a t iv e ly ,  i t  may be p o s s ib le  to  atom ize  a 
s ig n i f i c a n t  and re p ro d u c ib le  p o r t io n  o f  th e  a n a ly te  a t  a tem pera ture  
low e r than th e  v o l a t i l iz a t i o n  te m p era ture  o f  th e  m a tr ix .
Chemical p re tre a tm e n t can be us d i f  th e  v o l a t i l i t i e s  o f  th e  
a n a ly te  and in te r fe r e n t  a re  s im i la r .  I t  can be used in  com b in atio n  
w ith  o r  w ith o u t ash ing  to  c o n tr o l bo th  s p e c tr a l and n o n -s p e c tra l 
in te r fe re n c e s . An example o f t h is  i s  th e  a d d it io n  o f  n ic k e l to  
s t a b i l i s e  e lem ents l i k e  a rs e n ic  and selenium  and hence a llo w  a h ig h e r 
ash tem pera ture  to  be used to  remove th e  m a tr ix .  C on ve rse ly , a d d it io n  
o f  such compounds as ammonium n i t r a t e  to  s o lu t io n s  w h ich  a re  h ig h  in  
sodium c h lo r id e ,  a llo w s  con ve rs io n  o f  th e  m a tr ix  i t s e l f  to  a le s s  
v o la t i l e  fo rm .
Another s p e c ia l typ e  o f  chem ica l p re tre a tm e n t i s  th e  a d d it io n  o f 
re a c t iv e  gases to  th e  fu rn a c e . Hydrogen has been used co n s id e ra b ly  in  
th e  p a s t ^ ,3 6 . g0th  s p e c tra l and n o n -s p e c tra l in te r fe re n c e s  are
re p o r te d  to  be c o n s id e ra b ly  suppressed by th e  re d u c in g  env ironm ent 
when a hydrogen d i f f u s io n  flam e was bu rn in g  s im ilta n e o u s ly  w ith  
a n a ly te  v a p o r iz a t io n  from  th e  fu rn a c e . The use o f  a h a loca rb on /a rg on  
m ix tu re  has a ls o  been used to  overcome r e f r a c to r y  o x id e  o r  ca rb id e  
fo rm a tio n  in  e le c tro th e rm a l a to m iz a t io n ^ .
E le c tro d e p o s it io n  has a ls o  been used as a means o f  se p a ra tio n  o f  
th e  a n a ly te  from  th e  m a tr ix .  In  t h is  te ch n iq u e  an e le c tro c h e m ic a l 
c e l l  i s  s e t up and th e  a n a ly te  i s  separa ted  by c o n tr o l le d  p o te n t ia l 
e le c tro d e p o s it io n  o n to  a carbon rod^G , a hang ing m ercury 
drop39'4Q  and h ig h  m e lt in g  p o in t  w ire s  o f  v a r io u s  typ e s 1^  <42 
a re  used in  t h is  p ro ced ure . The a n a ly te  i s  th en  atom ized in  the  
norm al way.
The use o f  a c o n s ta n t te m p era tu re  fu rn a ce  may a ls o  overcome some 
m a tr ix  in te r fe re n c e s  s in c e  th e  gas te m p era ture  in to  w h ich  th e  sample 
i s  atom ized i s  im p o r ta n t. As d e sc rib e d  in  s e c t io n  ( 1 .6 .1 ) ,  the  
h is to r ic a l  developm ent o f  e le c tro th e rm a l a to m iz a tio n  c e n tre d  around 
two d i f f e r e n t  typ es  o f  a to m ize r -  th a t  o f  Massman ( th e  p u lse  opera ted  
fu rn a c e ) and th a t  o f  L 'v o v  ( th e  co n s ta n t te m p era ture  fu rn a c e ).  Each 
o f  th ese  types e f f e c t  th e  in te r fe re n c e  mechanism.
1) P u lse  Operated Furnace.
Because o f  i t s  s im p l ic i ty ; a lm o s t  a l l  com m erc ia lly  a v a i la b le  
e le c tro th e rm a l a tom ize rs  a re  based on th e  Massman d e s ig n . The m ajor 
l im i t a t i o n  o f  t h is  des ign  i s  te m p ora l n o n - is o th e rm a li ty  w hich i s  
re s p o n s ib le  f o r  f r a c t io n a l  a to m iz a tio n . The AA s ig n a l i s  reco rded 
d u r in g  a tim e  p e r io d  ove r which th e  te m p era tu /e  o f  th e  e le c tro th e rm a l 
a to m ize r i s  r a p id ly  chang ing . T h is  s i tu a t io n  a f fe c t s  th e  in te r fe re n c e  
in  two ways. F i r s t ly , t h e  a to m iz a tio n  te m p era ture  f o r  a g ive n  e lem ent 
canno t be p r a c t ic a l ly  in flu e n c e d  by th e  s e le c t io n  o f  a to m iz a tio n  
param eters and inco m p le te  d is s o c ia t io n  r e s u lt s  e s p e c ia l ly  fo r  
v o la t i l e  e lem ents . Secondly under te m p ora l n o n - is o th e rn a l c o n d it io n s , 
th e  in te g r a t io n  method o f  measuring AA canno t be c o r r e c t ly  a p p lie d .
2) C onstan t Tem perature Furnace.
W ith  th e  use u f  th e  L 'v o v  co n s ta n t te m p era ture  fu rn a ce  however, 
th e  fu rn a ce  a t ta in s  th e rm a l e q u i l ib r iu m  p r io r  to  a to m iz a tio n  o f  th e  
a n a ly te  and hence much g re a te r  c o n t r o l o f  d is s o c ia t io n  e q u i l i b r i a  can 
be e x e rc is e d . In  p r a c t ic e , t h is  system i s  i n  p a r t  a f fe c te d  by use o f  a 
L 'v o v  typ e  p la t fo rm . T h is  c o n s is ts  o f  a p ie ce  o f  p y r o ly t ic a l ly  coa ted
g ra p h ite  w hich i s  p la ced  in s id e  th e  g ra p h ite  fu rn a c e . The g ra p h ite  
fu rn a ce  i s  heated in  th e  norm al way b u t th e  sample i s  atom ized from  
th e  g ra p h ite  p la t fo rm  w h ich , because i t  i s  heeted by c o n v e c t io n , lag s  
th e  fu rn a ce  tem pera ture  by s e v e ra l degrees. The system i s  th e re fo re  
in  th e rm a l e q u i l ib r iu m  p r io r  to  a to m iz a tio n .
b )  In te r fe re n c e  Removal by Non-Chemical Means.
Background c o r re c t io n  i s  e s s e n t ia l f o r  th e  rem oval o r  re d u c tio n  o f 
s p e c tra l in te r fe re n c e s .  W ithou t such c o r r e c t io n , th e  background 
a b sorber i s  in d is t in g u is h a b le  from  th e  e lem ent be ing  sough t and 
produces c a lc u la te d  va lu es  o f  e le m e n ta l c o n c e n tra t io n s  which a re  to o  
h ig h . Background c o r r e c t io n  systems have been re c e n t ly  
re v ie w e d ^ .  Most modern Afl in s tru m e n ta tio n  i s  equipped w ith  
o p t ic a l  background c o r re c t io n  and th e re  a re  th re e  typ e s  o f  background 
c o r r e c t io n  a v a i la b le  com m erc ia lly .
1 )  D euterium  Arc System.
T h is  system was in tro d u c e d  in  1965 by K o irtyo h a n n  and 
P ic k e t t ^  and i s  th e  most common system in  modern 
in s tru m e n ta tio n .
The deuterium  a rc  system has an em iss ion  spectrum  which is  
in te n s e  up to  400nm b u t d e c lin e s  to  a lm os t ze ro  in  th e  v is ib le  
w ave length  range (see  f ig u r e  5 ) .
Wavelength (nm)
F ig u re  6 : Spectrum o f  Deuterium  Lamp.
In  t h is  s y s te m , lig h t from  th e  de u te rium  a rc  and th e  a n a ly te
h o llo w  cathode lamp a re  a lte rn a te d  r a p id ly  th ro ug h  th e  sample space. 
L ig h t  from  th e  h o llo w  cathode lamp i s  absorbed by bo th  th e  e lem ent o f  
a n a ly t ic a l  in te r e s t  and th e  background, w h i ls t  l i g h t  from  th e  
de u te rium  a rc  i s  m a in ly  absorbed by th e  background. The in s tru m e n t 
d is p la y s  th e  d if fe re n c e  between th ese  two as th e  c o rre c te d  
absorbance.
D euterium  a rc  systems produce ue ry  good background c o r re c t io n  
f o r  most in s ta n c e s  b u t do have c e r ta in  l im i t a t io n s .  D euterium  
background c o r re c t io n  canno t c o r r e c t  fo r  s tru c tu re d  narrow  band 
s p e c tra l in te r fe r e n c e s ,e .g . , t h e  measurement o f  se lenium  in  the 
presence o f  i r o n .  There i s  a d e g ra d a tio n  o f th e  s ig n a l to  n o ise  r a t io  
due to  th e  use o f  two l i g h t  sources and t h is  method o f  background 
c o r re c t io n  i s  n o t p a r t ic u la r ly  u s e fu l i n  th e  v is ib le  re g io n  o f  th e  
spectrum . There a re  l im i t a t io n s  in  th e  n e c e s s ity  to  match th e  
in te n s i t ie s  o f  th e  sou rce  and de u te rium  lamp and th e  need to  have 
v e ry  good a lig n m e n t between th e  o p t ic a l  beams o f  th e  sou rce  and 
de u te rium  lam ps. Because o f  these l im i ta t io n s ^ o th e r  background 
c o r re c t io n  systems have been in tro d u c e d .
2) Zeeman Background C o rre c tio n .
R ece n tly  th e  Zeeman e f fe c t  has been used f o r  background 
c o r re c t io n  in  atom ic  a b s o r p t io n ^  and i s  p a r t i c u la r i t y  u s e fu l in  
e le c tro th e rm a l a to m iz a tio n . In  t h is  te c h n iq u e ,th e  s p e c tra l l i g h t  
sou rce  o r  th e  atom c e l l  i s  p la ce d  between th e  p o le s  o f  a  s tro n g  
magnet. The s p e c tra l l i n e  i s  s p l i t  in to  a t  le a s t  th re e  components 
(see F ig u re  7 ) .  The T  component s ta y s  a t  th e  o r ig in a l  w ave length b u t 
th e  ocom ponents, w hich c o n s t i tu te  th e  background, a re  s h i f t e d  away. 
The T  component i s  p o la r is e d  in  a p la ne  p a r a l le l  to  th e  m agnetic 
f i e l d  w h i ls t  th e  a  component i s  p o la r iz e d  in  a p e rp e n d ic u la r  p la n e .
FREQUENCY
F ig u re  7 : Normal Zeeman S p l i t t i n g  P a tte rn .43
I f  th e  magnets a re  p la ced  around th e  atom c e l l  th en  a r o ta t in g  
p o la r iz e r  i s  p la ce d  between the l i g h t  sou rce  and th e  atom c e l l  and 
th e  passage o f  p a r a l le l  and p e rp e n d ic u la r  p o la r iz e d  l i g h t  is  
a lte r n a te d .  The Zeeman system th e r fo re  overcomes many o f the 
weaknesses o f  th e  de u te rium  a rc  system.
3 ) Sm ith H ie f t je  System.
A new system o f  background c o r r e c t io n  has r e c e n t ly  been 
re p o rte d '*6 . I t  has been known f o r  some tim e  th a t  i f  th e  ho llo w  
cathode lamp i s  pu lsed a t  an e x c e s s iv e ly  h ig h  c u r r e n t ,  th e  em iss ion  
l in e s  a re  broadened and r e la t iv e  atom ic  absorbance from  th e  a n a ly te  
i s  g r e a t ly  reduced. In  th e  Smith H ie f t je  system use i s  made o f  th is  
phenomenon, c a l le d  s e l f - r e v e r s a l .  I n i t i a l l y  th e  lamp i s  run  a t  a low 
c u r re n t und i t s  l i g h t  i s  absorbed by th e  a n a ly te  elem ent and th e  
background component. Then th e  lamp i s  pu lsed  b r ie f ly  a t  a h ig h  
c u r r e n t ,  cau s ing  s e l f - r e v e r s a l .  As a consequence, absorbance measured 
d u r in g  th e  h ig h  c u r re n t p u lse  c o n s is ts  p r in c ip a l ly  o f  th a t  produced 
by th e  background component. S u b tra c tio n  o f  absorbance va lu es  
measured d u r in g  th e  two pu lse s  th en  p ro v id e s  a background c o rre c te d
1 .7 .2 )  N o n -sp e c tra l In te r fe re n c e s .
1 .7 .2 .1 )  Condensed Phase In te r fe re n c e s .
T h is  typ e  o f in te r fe re n c e  a f fe c t s  th e  a n a ly te  up to  th e  stage 
when i t  i s  be ing  re le a se d  from  th e  a to m iz a tio n  s u r fa ce  in to  th e  gas 
phase. The fu rn a ce  processes to  be con s ide re d  he re  a re  f a r  more 
com p lica ted  th an  fo r  s p e c tr a l in te r fe re n c e s  and a fundam enta l 
knowledge o f  atom fo rm a tio n  processes ie  re q u ire d .
1 .7 .2 .1 .1 )  In te r fe re n c e  Mechanism.
A n a ly te  can be lo s t  d u r in g  th e  ash phase due to  v o la t i le  
compound fo rm a t io n . The most common example o f  t h is  i s  lo s s  o f 
a n a ly te  by v o la t i l i z a t i o n  o f v o la t i l e  h a l id e s . T h is  can occu r d u r in g  
a to m iz a tio n  in  h y d ro c h lo r ic  a c id  b u t i s  p a r t i c u la r i l y  seve re  f o r  the  
a n a ly s is  o f  sea w a te r.
Incom ple te re le a se  o f  th e  a n a ly te  due to  th e  fo rm a tio n  o f  
r e f r a c to r y  ca rb id e  can a ls o  accoun t f o r  condensed phase in te r fe r e n c e .  
P y r o ly t ic a l ly  c o ite d  g ra p h ite  fu rn ace s  a re  re p o rte d  to  g iv e  b e t te r  
s e n s i t i v i t y  and le s s  "memory e f f e c t "  fo r  th e  d e te rm in a tio n  o f  
molybdenum end vanadium*? bo th  o f  w hich elem ents fo rm  r e f r a c to r y  
c a rb id e s . However c a rb id e  fo rm a tio n  i s  n o t th e  o n ly  typ e  o f 
in te r fe r e n c e .  The fo rm a tio n  o f  i n te r c a l la t io n  o r  la m e lla r  compounds 
o f  a l k a l i  o r  a lk a l in e  e a r th  m e ta ls  w ith  g ra p h ite  may i n h i b i t  th e  
re le a se  o f  these elem ents from  th e  a to m ize r w a l l .  I t  has a ls o  been 
suggested th a t  a to m iz a tio n  o f  copper can be in h ib i te d  in  th e  presence 
o f  a l k a l i  o r  a lk a l in e  e a r th  h a lid e s  by o c c lu s io n  o f  th e  a n a ly te  in  
m ic ro c ry s ta ls  o r  agglom erates o f  th e  m a tr ix  m a te ria l*® .
In te r fe re n c e  due to  th e  ra te  o f  a n a ly te  re le a se  i s  th e  ba s ic  
condensed phase in te r fe r e n c e .  T h is  can be caused by changes in  th e  
s u rfa ce  o f  th e  g ra p h ite  fu rn ace  w ith  tim e  le a d in g  to  g re a te r  p o r o s ity  
and hence r e a c t i v i t y  o f  tn e  s u r fa c e  m a te r ia l.  T h is  e f f e c t  i s  
o b v io u s ly  ve ry  d i f f i c u l t  to  p r e d ic t  and may sometimes be b e n e f ic ia l  
r a th e r  th an  d e tr im e n ta l.
1 .7 .2 ,1 .2 )  In te r fe re n c e  Removal.
Removal o f  th e  typ e  o f  In te r fe re n c e  th a t  i s  caused by nsh ing  
losse s  i s  s im i la r  to  th a t  f o r  s p e c tra l in te r fe re n c e s .  S e le c tiv e  
v o la t i l i z a t i o n ,  c la s s ic a l  s e p a ra tio n  o r  chem ica l p re tre a tm e n t 
techn iq ue s  can be used.
For e lem ents fo rm in g  r e f r a c to r y  c a rb id e s , th e  re d u c tio n  o f  th e  
g ra p h ite  s u r fa ce  r e a c t i v i t y  by c o a tin g  w ith  p y r o ly t ic  g ra p h ite  o r  
e l im in a t io n  o f  la rb o n  from  th e  e le c tro th e rm a l a to m ize r i s  d e s ira b le  
t o  reduce o r  e l im in a te  c a rb id e  fo rm a tio n . The l a t t e r  may be =>cheived 
e i th e r  by l i n in g  th e  in s id e  o f  th e  fu rn a ce  w ith  a h ig h  m e lt in g  p o in t  
m eta l o r  by fo rm in g  a c o a t in g  o f  a  h ig h ly  s ta b le  c a rb id e .
The b e s t way to  d e a l w ith  in te r fe re n c e s  due to  tim e-dependan t 
re le a se  and rem oval o f  atoms i s  by th e  use o f  a co n s ta n t tem pera ture  
fu rn a ce . The use o f  m eta l a tom ize rs  may a ls o  reduce in te r fe re n c e s  due 
to  changes in  th e  g ra p h ite  fu rn a ce  a lth o u g h  i t  seems reasonab le  to  
expect th e  s u r fa c e  o f  th e  m e ta l a tom ize r to  change oko .
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Incom ple te  re le a s e  o f  th e  a n a ly te  due to  th e  fo rm a tio n  o f 
r e f r a c to r y  c a rb id e  can a ls o  accoun t fo r  condensed phase in te r fe r e n c e .  
P y r o ly i ic a l ly  coa ted g ra p h ite  fu rn a ce s  a re  re p o r te d  t o  g iv e  b e t te r  
s e n s i t i v i t y  and le s s  "memory e f f e c t "  f o r  th e  d e te rm in a tio n  o f 
molybdenum and vanadium*1? b o th  o f w hich elem ents fo rm  r e f r a c to r y  
c a rb id e s . However c a rb id e  fo rm a tio n  i s  n o t th e  o n ly  typ e  o f 
in te r fe r e n c e .  The fo rm a tio n  o f i n t e r c a la t io n  o r  la m e lla r  compounds 
o f  a l k a l i  o r  a lk a l in e  e a r th  m e ta ls  w ith  g ra p h ite  may i n h i b i t  th e  
re le a s e  o f  these elem ents from  th e  a to m ize r w a l l .  I t  has a ls o  been 
suggested th a t  a to m iz a tio n  o f  copper can be in h ib i t e d  in  th e  presence 
o f  a l k a l i  o r  a lk a l in e  e a rth  h a lid e s  by o c c lu s io n  o f  th e  a n a ly te  in  
m ic ro c ry s ta ls  o r  agglom erates o f  th e  m a tr ix  m a te ria l*® .
In te r fe re n c e  due to  th e  ra te  o f  a n a ly te  re le a s e  i s  th e  b a s ic  
condensed phase in te r fe r e n c e .  T h is  can be caused by changes in  th e  
s u rfa c e  o f  th e  g ra p h ite  fu rn a ce  w ith  tim e  le a d in g  to  g re a te r  p o r o s ity  
and hence r e a c t i v i t y  o f  th e  s u r fa c e  m a te r ia l.  T h is  e f f e c t  i s  
o b v io u s ly  ve ry  d i f f i c u l t  t o  p r e d ic t  and may sometimes be b e n e f ic ia l  
ra th e r  than d e tr im e n ta l.
1 . 7 .2 .1 .2 )  In te r fe re n c e  Removal.
Removal o f  th e  typ e  o f  in te r fe re n c e  th a t  i s  caused by ash ing  
lo sse s  i s  s im i la r  to  th a t  f o r  s p e c tra l in te r fe re n c e s .  S e le c tiv e  
v o la t i l i z a t i o n ,  c la s s ic a l  s e p a ra tio n  o r  che m ica l p re tsea tm sn t 
techn iq ue s  can be used.
For e lem ents fo rm in g  r e f r a c to r y  c a rb id e s , th e  re d u c tio n  o f  the  
g ra p h ite  s u r fa c e  r e a c t i v i t y  by c o a tin g  w ith  p y r o ly t ic  g ra p h ite  o r 
e l im in a t io n  o f  carbon from  th e  e le c tro th e rm a l a to m ize r i s  d e s ira b le  
to  reduce o r  e l im in a te  c a rb id e  fo rm a tio n . The l a t t e r  may be acheived 
e i th e r  by l i n in g  th e  in s id e  o f  th e  fu rn a ce  u -ith  a h ig h  m e lt in g  p o in t 
m e ta l o r  by fo rm in g  a c o a t in g  o f  a h ig h ly  s ta b le  c a rb id e .
The b e s t way to  de a l w ith  in te r fe re n c e s  due to  tim e-dependan t 
re le a s e  and rem ova l o f  atoms i s  toy th e  use o f  a co n s ta n t te m p era ture  
fu rn a c e . The use o f  m eta l a tom ize rs  may a ls o  reduce in te r fe re n c e s  due 
to  changes in  th e  g ra p h ite  fu rn a ce  a lth o u g h  i t  seems reasonab le  to  
expect th e  s u rfa c e  o f  the m e ta l a to m ize r to  change aKo ,
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1 .7 .2 .2 )  Vapour Phase In te r fe re n c e s .
T h is  typ e  o f  in te r fe re n c e  occu rs  in  th e  gas phase and in flu e n c e s  
any thermodynamic processes w hich may be ta k in g  p la c e . I t  has been 
shown23 th a t  th e  uapour in s id e  a p u lse  heated c y l in d r ic a l  
a tom ize r i s  in  th e rm a l e q u i l ib r iu m  p ro v id e d  th a t  th e  h e a t in g  ra te  is  
le s s  th en  1O^Ks- 1 .
1 .7 .2 .2 .1 )  In te r fe re n c e  Mechanism.
U n lik e  flam e spectroscopy where d is s o c ia t io n  e q u i l i b r i a  m a in ly  
in v o lv e  fla m 1/ components, in  e le c tro th e rm a l a to m ize rs  th e  sample 
m a tr ix  i s  th e  main sou rce  o f  con com ita n ts  e n te r in g  th e  d is s o c ia t io n  
e q u i l i b r i a .  Form ation  o f  v o la t i l e  h a lid e s  i s  a m ajor cause o f  vapour 
phase in te r fe re n c e  in  e le c tro th e rm a l a to m iz a tio n . T h is  typ e  o f 
in te r fe re n c e  i s  due to  lo s s  o f th ese  compounds a t  te m p era tures no t 
s u f f i c ie n t ly  h ig h  enough to  cause th e i r  a p p re c ia b le  d is s o c ia t io n .
Io n iz a t io n  i s  n o t a m ajor cause o f  in te r fe re n c e  in  
e le c tro th e rm a l a to m iz a tio n . Recent r e s u lt s  o f  Sturgeon and 
8erman&9 have con firm e d  th a t  io n iz a t io n  o f  l i t h iu m ,  po tass ium , 
ru b id iu m  and cesium in  th e  g ra p h ite  fu rn a ce  e t  230QCIC i s  n o t 
s ig n i f ic a n t  from  th e  v ie w p o in t o f  a to m ic  a b s o rp tio n  b u t io n iz a t io n  
in te r fe re n c e  shou ld  be taken in to  c o n s id e ra tio n  f o r  po tass ium , 
ru b id iu m  and cesium when atom ic  em iss ion  i s  measured.
In te r fe re n c e  due to  changes i n  th e  r a te  o f  a n a ly te  rem ova l would 
n o t be expected to  be as im p o rta n t as changes in  th e  r a te  o f  a n a ly te  
sup p ly  s in c e  in  p u ls e d -ty p e  a tom ize rs  th e  rem oval fu n c t io n  is  
s u f f i c ie n t ly  ra p id  r e la t iv e  to  th e  sup p ly  fu n c t io n .
1 .7 .2 .2 .2 )  In te r fe re n c e  Removal.
S im ila r  to  s p e c tra l in te r fe re n c e s , th e  m ajor cause o f  vapour 
phase in te r fe re n c e s  i s  th e  fo rm a tio n  o f  gaseous m onoha lides. As a 
consequence in te r fe re n c e  rem oval w i l l  a ls o  in v o lv e  c la s s ic a l  
s e p a ra tio n s , s e le c t iv e  v o la t i l i z a t i o n ,  chem ica l p rs tre a tm e n t, 
e le c tro d e p o s it io n  and th e  use o f  a L 'v o v  typ e  p la t fo rm . (As d icussed 
in  1 .7 .1 .2 )
An in v e s t ig a t io n  was th e re fo re  unde rtaken to  de te rm ine  th e  
f e a s i b i l i t y  o f  measuring some o r  a l l  o f  th e  la n th a n o id s  by 
e le c tro th e rm a l a to m iz a tio n  and to  t r y  tn  de te rm ine a to m iz a tio n  
mechanisms and p o s s ib le  in te re le m e n t in te r fe re n c e  e f fe c t s .
CHAPTER 2 
SELECTION OF OPERATING CONDITIONS
2 .1 )  DETERMINATION OF THE LANTHANOIPS BY ELECTROTHERMAL ATOMIZATION.
E le c tro U le rm a l a to m iz a tio n  has been used in  th e  measurement o f  
i n d i t / i c m l  o r  s e le c te d  groups o f  th e  la n th a n o id s . Fuavao and 
Sneddon^O measured y tte rb iu m  and compared a to m iz a tio n  from  
fu rn a ce  w a l l ,  • co ra  and a m ic ro b o a t. G rob en sk i^ l measured a l l  
th e  la n th a n o id ii . -.mg bo th  u n p y r o ly t ic a l ly  and p y r o ly t ic a l ly  coa ted 
g ra p h ite  fu rn ace s  and p o s u la te d  a p o s s ib le  a to m iz a tio n  mechanism. Sen 
Gupta de te rm ined th e  la n th a n o id s  and y t t r iu m  in  rocks52 and in  
s ix te e n  in te r n a t io n a l  re fe re n c e  m a te r ia ls  o f  ro c k  pr ! c o a l ^ .
Horsky and F le tch e r5 4  used a combined io n  e xch an ge /g ra ph ite  
fu rn a ce  procedure to  de te rm ine f i v e  o f  th e  la n th a n o id s  in  g e o lo g ic a l 
sam ples. L 'v o v  and P e lie va^S  l in e d  th e  g ra p h ite  fu rn a ce  w ith  
ta n ta lu m  f o i l  and Tjund th a t  th e  s e n s i t i v i t y  f o r  ,11 th e  la n th a n o id s  
te s te d  mas im proved. !%■ r z u c o to l l i  e t  a l  in v e s t ig a te d  th e  
d e te rm in a tio n  o f  dysp ros ium , europ ium , th u l l iu m ,  holmium and 
y tte rb iu m  by g ra p h ite  fu rn a ce  AAS^® and in te r fe re n c e  e f fe c t s  on 
th e  d e te rm in a tio n  o f  y tte rb iu m , holm ium, dysp ros ium , th u l l iu m ®7 
and europium ^S.
The aims o f t h is  in v e s t ig a t io n  were to  de te rm ine th e  
a p p l i c a b i l i t y  o f  e le c tro th e rm a l a to m iz a tio n  f o r  th e  d e te rm in a tio n  o f  
th e  la n th a n o id s  and to  d e te rm ine  optimum c o n d it io n s  o f  m easurement, 
t o  in v e s t ig a te  a to m iz a tio n  processes and in te r fe re n c e  e f fe c t s  and to  
develop an a n a ly t ic a l  method fo r  th e  measurement o f  In d iv id u a l  
le n th a n o id s  in  a m ixed la n th a n o id  m a tr ix .
2 .2 )  EQUIPMENT USED.
In  t h is  s tudy a V a ria n  AA1275 s in g le  beam a to m ic  a b s o rp tio n  
spe c tropho tom eter was used in  c o n ju n c tio n  w ith  a V a ria n  GTA-95 
e le c tro th e rm a l a to m iz e r. The system i s  equipped w ith  an au tosam pler 
f o r  in je c t io n  o f  p re de term ined sample volumes to  th e  g ra p h ite
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F iy j r o  f) i C ross S e c tio n  o f  th e  Vav ien  GTA-95 Furnace S ys te m ^,
ft c ross  s e c t io n  o f th e  fu rn a ce  i s  shown in  F ig u re  8 . E le c t r ic a l  
c o n ta c t to  th e  fu rn a ce  i s  ache ived by th e  use o f  w a te r coo led  
cham fered g ra p h ite  c o l la r s  w hich a re  s p r in g  loaded to  ensure con s ta n t 
c o n ta c t and th e re fo re  re p ro d u c ib le  te m p e ra tu re s . V o ltag e  feedback 
c o n tr o l i s  used to  c o n tr o l tem pera ture  s e t t in g s  as th e re  i s  no 
therm ocQupls o r  o p t ic a l  pyrom eter in  th e  system . V o ltag e  and 
te m p era ture  s e t t in g s  a re  c a l ib ra te d  by th e  m an u fa c tu re r.
D u r in g  th e  d r y ,  ash and atom ize  c y c le ,  i n e r t  gas can be passed 
around th e  o u ts id e  as we la. ■'s th ro ug h  th e  th e  in s id e  o f  th e  fu rn a ce , 
i n  th e  l a t t e r  case ei'-ung th ro ug h  th e  sample in t r o d u c t io n  h o le . Far 
maximum s e n s i t i v i t y  no gas shou ld  f lo w  th ro ug h  th e  c e n tre  o f  th e  
fu rn a ce  d u r in g  a to m iz a tio n , however th e  GTA-9S system a llo w s  th e  f lo w  
r a te  to  be v a r ie d  between G and 3 l i t r e s  pe r m in u te . In c re a s in g  the 
f lo w  ra te  o f gas dscreases th e  a n a ly te  s ig n a l s in c e  th e  gas f lo w in g  
th ro ug h  th e  fu rn ace  e f f e c t iv e ly  "sweeps o u t"  th e  a n a ly te  atoms and 
hence th e  reduces th e  re s id e n ce  tim e  i n  th e  l i g h t  pa th  which reduces 
th e  s e n s i t i v i t y .
The programming f a c i l i t y  on th e  GTA-95 c o n s is ts  o f  a menu d r iv e n  
system  c o n s is t in g  o f  " th re e  pages" o f  s u ita b le  o p e ra tin g  param eters 
w h ich  a re  d isp la ye d  on th e  v is u a l d is p la y  u n i t .  The f i r s t  page 
c o n ta in s  fu rn ace  c o n d it io n s  and has up to  tw e n ty  programmable s te p s . 
Tem perature , t im e , gas f lo w  r a te ,  gas typ e and read command can a l l  
be programmed (F ig u re  9) There a re  tw o in le t s  f o r  th e  sheath  gas 
la b e l le d  NORMAL and ALTERNATE. T he re fo re  two typ es  o f  she a th  gas can 
be pe rm anently connected to  th e  in s tru m e n t. In  t h is  s tu dy  argon was 
connected to  th e  i n l e t  la b e l le d  NORMAL. The read command when 
sw itch e d  on ( i . e .  marked # in  th e  .read command column) i s  a t r ig g e r  
to  th e  spe c tropho tom eter to  read th e  in te g ra te d  absorbance s ig n a l 
( e i th e r  peak h e ig h t o r  peak a re a ) , t h is  i s  u s u a lly  ove r th e  e n t i r e  
a to m iz a tio n  c y c le .  There i s  no au to m a tic  ramp ra te  s e le c t io n  
th e re fo re  th e  ra te  o f  in c re a se  in  te m p era ture  has to  programmed in  as 
a sep ara te  s te p . In  th e  example shown in  F ig .S , s te ps  1 to  3 a re  the 
d ry  phase, s te ps  4 to  6 a re  th e  ash phase, s te p s  7 to  8 a re  the 
a tom ize  phase and s te ps  9 to  10 a re  th e  tu be  c lea n  phase.
The second page i s  a g ra p h ic s  d is p la y  o f  page one ( i . e .  
te m p e ra tu re /tim e  p r o f i le  ) .  T h is  page i s  a u to m a tic a lly  d isp la ye d
FURNACE OPERATING PARAMETERS.
PI TEMPERATURE I
5.0 I NORMAL I 
$.0 I NORMAL I
5.0 I NORMAL!
5.0 1 NORMAL 1
5.0 INORMAL I 
.0  INORMAL I 
.0  INORMAL I
.o  i normal: 
s.o i normal:
5.0 1 NORMAL I
F ig u re  9 : Example o f  Furnace Program P aram ete rs . 
to p .2800 Tire 0  step1 0
STEPS 1 TO IB FBS. SCALE -1.0
y m r  to. j  mm. 3  esp ^ i
F ig u re  10 : Example o f  T e rrpe ra tu re /T im e , Absorbance/T im e P r o f i le .
SAMPLER PAU NORMAL CALIBRATION
SAMPLES I
LAST SAMPLE NO. * 
NO. OF REPLICATES- 
RCBLOPE RATE 
FIRST SAMPLE NO. ■
MULTIPLE INJECTIONS ■ 
LAST DRY PHASE STEP « 
INJECTION TEMP.
F ig u re  11 ;  Example o f  Autosam pler C o n d it io n s .
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w h ile  th e  Furnace  i s  o p e ra tin g  and th e  a n a ly t ic a l  s ig n a l is  
superim posed on th e  te m p e ra tu re /tim e  p r o f i le .  A hard copy o f t h is  can 
be o b ta in ed  i f  a p r in t e r  i s  in c o rp o ra te d  in  th e  system . An example o f 
t h is  o u tp u t i s  shown in  F ig u re  10.
The t h i r d  page i s  devoted to  au tosam pler c o n d it io n s . Autosam ple, 
s in g le  sample and s ta n d a rd  a d d it io n s  can be used. Vavylnq  volumes up 
to  70/11 can be tra n s fe r re d  to  th e  fu rn a ce  and th e re  i s  a lso  a 
f a c i l i t y  fo r  ad d in g  chem ica l m o d if ie rs  to  samples and s ta nd a rds . 
M u lt ip le  in je c t io n s  can be made and th e  in je c t io n  tem pera ture  can be 
v a r ie d  from  40 to  150°C in  w hich case th e  fu rn a ce  m a in ta in s  a 
p re s e t tem pera ture  d u r in g  sample in je c t io n  o r  th e  in je c t io n  
te m p era ture  can be s e t to  am bient in  w hich case th e  fu rn a ce  c o o ls  to  
room te m p e ra tu re . An example i s  shown in  F ig u re  11.
2 .3 )  INSTRUMENT CONDITIONS.
The resonance wave lengths and lamp c u r re n ts  used a re  d e ta ile d  in  
Tab le  4 . A s p e c tra l bandw idth o f  0 .2  nm was used f o r  th e  
d e te rm in a tio n  o f  a l l  th e  la n th a n o id s  in  o rd e r to  reduce the 
ee^tt,tauko/> o f  incandescence. Fo r th e  same rea son , th e  a lig n m e n t o f  
th e  g ra p h ite  fu rn ace  in  th e  l i g h t  pa th  was o p tim iz e d .
2 .4 )  ESTABLISHMENT OF OPERATING CONDITIONS.
O p era tin g  c o n d it io n s  were e s ta b lis h e d  fo r  cwelve o f  the  
la n th a n o id s  ( v iz .  Dysprosium , erb ium , eu rop ium , g a d o lin iu m , holm ium, 
neodymium, praseodymium, samarium, te rb iu m , th u l l iu m ,  y tte rb iu m  and 
lu te t iu m )  in  tw o s e ts  o f  s y n th e t ic  s ta nd ard  s o lu t io n s ,  one c o n ta in in g  
1 pe r cen t v /v  h y d ro c h lo r ic  a c id  and one c o n ta in in g  1 pe r c e n t v /v  
n i t r i c  a c id .
The r e s u lt s  were as fo llo w s  : 
i )  D ry S tage. A d e n t is t 's  m ir ro r  was used to  observe  th e  sample 
d ry in g  in  th e  fu rn a ce . A tem pera ture  o f 95°C a llo w e d  un ifo rm  
d ry in g  w ith  no s p u t te r in g .  The d ry in g  tim e was dependent on th e  
volume o f s o lu t io n  in je c te d  in to  the  fu rn a c e . A tim e o f  55 seconds 
was necessary to  d ry  25 p i .
i i )  Ash S tage. To de te rm ine th e  ash te m p era ture  th e  a to m iz a tio n
Tab le 4 : W avelengths and Lamp C urren ts  used fo r  th e  Measurement o f  
th e  La n tha no id s .







D yspros iun 10
Holmium 10
Erbium in 400.80
T h u lliu m 10 371.79
y ite r b iu n 15 398.80
Lu te tiu m 10 335.98
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tem pera ture  was s e t to  2800°C and th e  d ry  te m p era ture  to  optimum.
The ash tem pera ture  was th en  v a r ie d  and th e  a to m iz a tio n  peak h e ig h t 
reco rd ed . A decrease in  a to m iz a tio n  peak h e ig h t i s  u s u a lly  an 
in d ic a t io n  o f  lo s s  o f  a n a ly te  due to  v o la t i l i z a t i o n .  In  th e  case o f  
th e  la n th s n c id s , an in c re a se  in  ash te m p era tu re , a t  te m p era tures w e ll  
be low th e  v o l a t i l iz a t i o n  te m p era ture  o f these e lem ents , caused a 
decrease in  peak h e ig h t.  T h is  re d u c tio n  was n o t caused by a n a ly te  
Io cs  b u t p ro b a b ly  by th e  fo rm a tio n  o f  r e f r a c to r y  compounds. T h is  
phenomenum is  u s u a lly  a s s o c ia te d  w ith  c a rb id e  fo rm in g  elem ents s in c e  
e le va te d  te m p era tures a llo w  g re a te r  p r o b a b i l i t y  o f  ca rb id e  fo rm a t io n . 
T h e re fo re  in  most in s ta n ce s  th e  ash tem pera ture  chosen was no t 
n e c e s s a r ily  th e  tem pera ture  which gave maximum s e n s i t i v i t y  b u t was 
th a t  tem pera ture  fo r  which th e  s e n s i t i v i t y  lo s s  was no t due to  
a n a ly te  v o la t i l i z a t i o n .  An example o f  a ty p ic a l  ash te m p era ture  curve  
i s  shown in  F ig .  12 . The ash tim e  f o r  th e  s im p le  h y d ro c h lo r ic  o r  
n i t r i c  a c id  m a tr ix  was 10 seconds. The ash te m p era tures used f o r  th e  
measurement o f  th e  tw e lve  elem ents in v e s t ig a te d  a re  shown in  Tab le  5.
i i i )  A to m iza tio n  S tage. To de te rm ine th e  optimum a to m iz a tio n  
te m p era tu re , th e  d ry  and ash te m pera tures were m a in ta ine d  a t  th e  
optimum va lu es  e s ta b lis h e d  in  th e  p re v io u s  s e c t io n s  and the 
a to m iz a tio n  tem pera ture  v a r ie d . I t  was found th a t  in c re a s in g  
a to m iz a tio n  te m p era tures caused in c re a s in g  peak h e ig h ts  as would be 
expected. However th e  la n th a n o id s  a re  known to  fo rm  r e f r a c to r y  
compounds i n  th e  fu rn a ce  and th e  e f f e c t  of in c re a s in g  a to m iz a tio n  
tem perature on th e  b la nk  peak ( i . e .  an a to m iz a tio n  o f  a c id  o n ly ,  
a f t e r  an a n a ly te  a to m iz a tio n )  was a ls o  ta s te d . Photo em iss ion  from  
th e  fu rn ace  w a lls  a t  h ig h  te m p era tures se v e re ly  a f fe c te d  measurements 
o f  some o f  the la n th a n o id s  (F ig u re  13) w h i le  lo w e r a to m iz a tio n  
tem peratures re s u lte d  in  inco m p le te  a n a ly te  v o la t i l i z a t i o n  g iv in g  
r is e  to  "memory e f f e c t '-, " ,  T he re fo re  th e  a to m iz a tio n  te m p era tures used 
were those which gave reuisonab’ e s e n s i t i v i t y  f o r  th e  a n a ly te  b u t fo r  
which th e  "memory e f f e c t "  was n o t seve re . A to m iza tio n  te m p era tu re  was 
m a in ta ine d fo r  f i v e  seconds s in c e  lo n g e r tim es d id  n o t e f f e c t iv e ly  
reduce th e  b la nk  and o n ly  served to  reduce th e  useab le l i f e  o f  th e  
g ra p h ite  fu rn a c e . From th is  work,optim um  a to m iz a tio n  te m p era tures 
were e s ta b lis h e d  and a re  d e ta ile d  in  Tab le 5.
In  a l l  ca s e s ,th e re  was no d if fe re n c e  in  c o n d it io n s  between
1(S in n  s e v ) 

































F ig u re  12 s T y p ic a l V o la t i l i z a t i o n  Curve fo r  th e  Lanthano ids,
Tab le 5 : O p tim ized c o n d it io n s  fo r  th e  measurement o f  th e
la n th a n o id s  in  s y n th e t ic  s o lu t io n s .











T hu lliu m 700
Y tte rb iu m 900 2700














































s y n th e t ic  s o lu t io n s  in  e i th e r  h y d ro c h lo r ic  o r  n i t r i c  a c id .  
2 .5 }  SENSITIVITY AMO PRECISION OF MEASUREMENT.
C a l ib r a t io n  curves were o b ta in e d  f o r  each o f  th e  la n th a n o id s  in  
b o th  h y d ro c h lo r ic  and n i t r i c  a c id s  { i f l v / v ) .  R e s u lts  o b ta in e d  in  bo th  
h y d ro c h lo r ic  and n i t r i c  a c id s  f o r  th u l l iu m ,  y tte rb iu m  and europium  
were com parab le. However fo r  th e  o th e r  la n th a n o id s  th e  s e n s i t i v i t y ,  
a t  h ig h e r  c o n c e n tra t io n s  o f  a n a ly te ,  was b e t te r  i n  h y d ro c h lo r ic  a c id  
ra th e r  th a n  n i t r i c  a c id .  T h is  may be due to  r e f r a c to r y  compound 
fo rm a tio n  in  th e  n i t r i c  a c id  m a tr ix  w h ich  i n h ib i t s  v o l a t i l i z a t i o n  o f 
th e  la n th a n o id  from  th e  g ra p h ite  s u r fa c e .
From t h is  w ork, th e  q u a n t i ty  o f  each la n th a n o id  re q u ire d  to  g ive  
an a to m iz a tio n  peak h e ig h t o f  0.100 absorbance u n i ts  (m inus th e  b la nk  
absorbance) was c a lc u la te d . The va lu es  o b ta in ed  fo r  each o f the 
la n th a n o id s  were compared, r e la t iv e  s e n s i t iv ie s  c a lc u la te d , p lo t te d  
and compared w ith  th e  b o i l in g  p o in ts  o f  th e  la n th a n o id  m eta ls  and 
th e i r  heats  o f su b lim a tio n  {F ig u re  1 4 ) . These p lo ts  e re  in  agreement 
w ith  Grobensky's r e s u l t s ^  and suggest th a t  a change in  
e le c t r o n ic  s tru c tu re  i s  r e la te d  to  th e  b o i l in g  and s u b lim a tio n  ranges 
o f  th e  v a r io u s  la n th a n o id s  and i s  d i i e c t l y  l in k e d  to  th e  number o f 
fr e e  atoms p re sen t i . e .  th e  s e n s i t i v i t y •
An in d ic a t io n  o f  th e  r e la t iv e  v a r ia t io n  in  optimum p r e c is io n  fo r  
each e lem ent was e s ta b lis h e d  in  s y n th e t ic  s o lu t i c i s  o f  each elem ent 
(T a b le  6 ) .  Fo r most elem ents r e la t iv e  s ta n d a rd  d e v ia t io n s  ( s r ) 
f o r  s o lu t io n s  c o n ta in in g  n i t r i c  a c id  were s l i g h t l y  i n f e r io r  to  th ose  
c o n ta in in g  h y d ro c h lo r ic  a c id  w h ich  i s  p ro b a b ly  due to  th e  in c rea sed  
q u a n t i ty  o f  oxygen in  th e  system  i n  th e  n i t r i c  a c id  m a tr ix .
I t  uas  th en  de c ided to  in v e s t ig a te  a to m iz a tio n  processes and 
in te r fe re n c e  e f fe c t s  on o n ly  th re e  o f  th e  la n th a n o id  e lem ents . 
Europium  -jas chosen because i t s  measurement by e le c tro th e rm a l 
a to m iz a tio n  was r e la t iv e ly  uncom p lica ted  and i t  was one o f  th e  more 
s e n s it iv e  e lem ents . Terbium was chosen because i t s  measurement by 
e le c tro th e rm a l a to m iz a tio n  was q u ite  com p lica te d  and i t s  s e n s i t i v i t y  
was po o r. F in a l ly  samarium was chosen because i t s  s e n s i t i v i t y  and 
ease o f measurement was somewhere between th a t  o f  europ ium  and 
te rb iu m .
F ig u re  14 i  R e la tiv e  S e n s i t iv i t ie s ,  Heats o f  S u b lim a tio n  and B o ilin g  
P o in ts  f o r  th e  La ntha no id s .
Table 6 : P re c is io n  o f Measurement fo r  th e  Lanfchanoids in
S y n th e tic  S o lu t io n s .
Ac id  Medium 
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SAMARIUM, TERBIUM AND EUROPIUM.
3 .1 )  INTRODUCTION.
Samarium, te rb iu m  and europium  mere in v e s t ig a te d  i n  o rd e r to  
de te rm ine  th e  a to m iz a tio n  processes in  th e  fu rn a c e . Appearance 
te m p era tures and a to m iz a tio n  p r o f i le s  From g ra p h ite  and ta n ta lu m  were 
de te rm ined and compared * n r  anrh o f  th e  a n a ly te s , A rrh e n iu s  typ e  
in v e s t ig a t io n s  were c a r r ie d  o u t to  de te rm ine th e  a to m iz a tio n  
processes f o r  th e  a n a ly te s . F in a l ly  an a tte m p t vias madr to  id e n t i f y  
th e  p ro d u c ts  p re s e n t in  th e  fu rn a ce  p r io r  to  a to ra iu u iv . % th e  use 
o f  X -ra y  d i f f r a c t io n  techn iq ue s  and to  de te rm ine th e  e f f ic ia n c y  o f  
a to m iz a tio n  by measuring th e  amount o f  re s id u a l a n a ly te  in  the 
fu rn a ce  a f t e r  a to m iz a tio n  by in s tru m e n ta l n e u tro n  a c t iv a t io n  
a n a ly s is .
3 .2 )  APPEARANCE TEMPERATURES.
The appearance tem pera ture  was de te rm ined e x p e r im e n ta lly  by th e  
method o f C am pbell and QttowaySO and compared to  th e  t h e o r e t ic a l .
In  a h y d ro c h lo r ic  a c id  m a tr ix , th e  c h lo r id e  complex i s  u s u a lly  
p re se n t p r io r  t o  a to m iz a tio n , however in  a n i t r i c  a c id  m a tr ix  the 
n i t r a te s  u s u a lly  th e rm a lly  d is s o c ia te  to  th e  o x id e s . However the 
la n th a n o id  c h lo r id e s  a l l  hyd ro lyse  to  th e  o x y c h lo r id e s  on e va p o ra tio n  
and above 1OO0°C these decompose to  th e  o x id e . T h e re fo re  in  th e  
case o f  tv -  i  ." itha no id s , th e  ox id e  in te rm e d ia te  p r io r  to  a to m iz a tio n  
Cetn be exp u .ie U  in  bo th  a c id  media.
n203 (s )  + 3C(a) -  3C0(g) + 2W g)
The o v e r a l l  f r e e  energy o f t h is  re a c t io n  is  g ive n  by th e  sum o f 
th e  fr e e  en e rg ie s  o f th e  p ro d u c ts  minus th e  sum o f  th e  fre e  e n e rg ie s  
o f  th e  re a c ta n ts .
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AG re a c t = 3x A C f  CQ(q) + 2x A G f  M(g)
-  A G f MgOgls) -  3x A G f C (s)
For th e  dbove re a c t io n  to  be therm odynam ica lly  fe a s ib le ,  the 
fr e e  energy o f  th e  r e a c t io n  must be n e g a tiv e . I f  th e  fr e e  e n e rg ie s  o f 
th e  in d iv id u a l  components a re  known th en  th e  fr e e  energy o f  r e a c t io n  
can he c a lc u la te d *
The appearance te m p era tu res , fo r  th e  th re e  la n th a n o id s , were 
de term ined e x p e r im e n ta lly  as fo llo w s .  U sing a co n s ta n t d ry  and ash 
te m p era tu res , th e  a to m iz a tio n  te m p era ture  was v a r ie d  in  o rd e r to  
de te rm ine th e  appearance te m p era tu re , A q u a n t i ty  o f  a n a ly te  was 
atom ized to  g iv e  f u l l  sca le  d e f le c t io n  a t  th e  optimum a to m iz a tio n  
te m p era ture  fo r  th a t  a n a ly te . The a to m iz a tio n  te m p era ture  was then 
reduced to  no a n a ly te  s ig n a l th en  in c rea sed  in  20 degree increm ents  
u n t i l  about 3 to  5 p e rce n t o f  f u l l  s c a le  d e f le c t io n  was o b ta in e d . A 
tu b e  c lea n  phase was in c o rp o ra te d  to  remove any r e s id u a l a n a ly te .
The r e s u lt s  a re  ta b u la te d  be low , th e  a n a ly te  b o i l in g  p o in ts  a re  
in c lu d e d  f o r  com parison.
Tab le  7 J Comparison o f th e o re t ic a l  and exp e rim e n ta l appearance 
te m p era tures fo r  th re e  la n th a n o id s .
Element M e ltin g
*C
S o i lin g
°C
Tem perature fo r  





Europium 922 1529 2027 1760-1640
Samarium 1074 1794 2377 1900-1950
Terbium 1365 3230 2727 2150-2290
I t  i s  im p o rta n t to  n o te  th a t  a l l  th e  e lem ents appearance 
tem p era tu res  are above th e  b o i l in g  p o in t  o f  th e  m eta l sug ge s ting  th a t  
M (s) ■* l'l(g ) i s  no t a c o n tr ib u to ry  p ro cess . The fa c t  th a t  the 
appearance te m p era ture  i s  low e r than p re d ic te d  suggests th a t  
ca rb o th e rm a l re d u c tio n  o f th e  ox id e  i s  a ls o  n o t a c o n tr ib u to ry
51
p ro cess .
Se ve ra l a u th o rs  have c r i t i c i s e d  t h is  approach. S turgeon e t
c la im  th a t  th e  appearance te m p era ture  sho u ld  be de te rm ined 
a t  th e  be g in n in g  o f  th e  a n a ly te  s ig n a l and th a t  measurement o f  the 
a n a ly t ic a l  peak a t  a prede term ined te m p era tu re , as in  th e  Campbell 
and Ottouiay m ethod, w i l l  r e s u lt  i n  an appearance te m p era ture  which i s  
to o  h ig h . F u l le r - ^  s ta te s  th a t  thermodynamics a lo n e  cannot be 
used to  de te rm ine a to m iz a tio n  processes and th a t  k in e t ic s  must be 
used to  de te rm ine th e  r e a c t io n  ra te s  f o r  th e  a to m iz a tio n  processes.
3 .3 )  ATOMIZATION PROFILES.
The a to m iz a tio n  peak shape o b ta in e d  fo r  an e lem ent i s  in d ic a t iv e  
o f  th e  typ e o f  processes by which th e  e lem ent v o la t i l iz e s  from  the  
g ra p h ite  fu rn a c e . I d e a lly  a Gaussian peak s fw u ld  be o b ta in e d  b u t th is  
i s  r a r e ly  th e  case . A do ub le  a to m iz a tio n  peak can be in d ic a t iv e  o f  
two a to m iz a tio n  processes o r  o f  m a tr ix  in te r fe re n c e . An a to m iz a tio n  
peak w hich r is e s  to  a maximum b u t f a l l s  s lo w ly  to  th e  b a s e lin e  w ith  a 
l o t  o f  t a i l i n g  can be in d ic a t iv e  o f  r e f r a c to r y  compound fo rm a tio n . Iu  
i s  a ls o  very  u s e fu l to  compare a ton tea tion  peaks from  A f f e r e n t  typ es  
o f  s u r fa ce  e .g .  a g ra p h ite  s u r fa ce  w ith  a m eta l s u r f* . The 
a to m iz a tio n  p r o f i le s  fo r  th e  th re e  la n th a n o id s  were in v e s t ig a te d .
U sing th e  page tw o f a c i l i t y  o f  th e  GTfl-95 i t  i s  p o s s ib le  to  
o b ta in  a p r in te d  copy o f  th e  ab sorb an ca/tim e curve s  and hence th e  
a to m iz a tio n  p r o i t ie s .
Absorbance /tim e curve s  were o b ta in e d  fo r  samarium, europium  and 
te rb iu m , u s in g  th e  optimum c o n d it io n s  e s ta b lis h e d , from  a g ra p h ite  
s u r fa c e .  As a com parison^these e lem ents mere a ls o  atom ized from  a 
ta n ta lu m  s u r fa c e .
A ta n ta lum  in s e r t  was made from  pure ta n ta lum  f o i l  o f  th ic k n e s s  
0.062 mm. These in s e r ts  were shaped to  f i t  c lo s e ly  in s id e  a g ra p h ite  
s u r fa c e  and th e  a n a ly te  was in je c te d  on to  and a tom ized from  th is  
s u r fa c e . O p era tin g  c o n d it io n s  had to  be changed s in c e  th e  m e ltin g  
p o in t  o f  ta n ta lu m  i s  299B°C. A maximum a to m iz a tio n  te m p era ture  o f 
2500°C was used s in ce  h ig h e r te m p era tures damaged th e  ta n ta lum  
s u rfa ce  cau s ing  i t  to  become very  b r i t t l e .  The d ry  te m p era tu re  was
- *<*--------_i
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F ig u re  15 : A to m iz a tio n  P r o f i le s  o f  (A) Terbium  from  a G ra p h ite  
S u rfa ce , (B ) Terbium  frcm  a Tanta lum  S u rfa ce ,
(c )  Samarium from  a G rap h ite  S u rfa ce , (D) Samarium 
from  a Tanta lum  S u rface , (E ) Europium from  a 
G ra p h ite  S u rface  and (F ) Europium from  a Tantalum  
S u rface ,
inc rea sed  to  f a c i l i t a t e  more u n ifo rm  d ry in g .
Comparison o f  th e  two a to m iz a tio n  p r o f i le s  fo r  each o f  th e  
a n a ly te s  i s  shown in  F ig u re  15 . The a to m iz a tio n  p r o f i le s  f o r  samarium 
and europium  from  bo th  ta n ta lum  and g ra p h ite  a re  comparable 
sug ge s ting  a s im i la r  a to m iz a tio n  process in  each case. However i n  the  
case o f te rb iu m , a to m iz a tio n  from  g ra p h ite  produces a p r o f i le  in  
w hich th e  pnak i s  not. ve ry  sharp and th e re  i s  a l o t  o f  t a i l i n g  a t  tn e  
end o f  th e  a to m iz a tio n  c y c le  (see F ig u re  IS A ). A to m iza tio n  from  
ta n ta lum  produces a peak in  which th e  te rb iu m  appears to  atomize, much 
fa s te r  and th e re  i s  v e ry  l i t t l e  t a i l i n g  (see F ig u re  15 8). T h is  
suggests th a t  a to m iz a tio n  from  g ra p h ite  and ta n ta lum  occu r by two 
d i f f e r e n t  p ro cesse s . I n  th e  case o f g ra p h ite , te rb iu m  form s a h ig h ly  
r e f r a c to r y  compound w hich i s  n o t com p le te ly  a tom ized . T h is  may be 
c a rb id e  fo rm a tio n  s in c e  i t  i s  n o t p re se n t d u r in g  a to m iz a tio n  from  
ta n ta lu m .
The ta n ta lu m  in s e r t  was found to  be im p ra c t ic a l s in c e  a f t e r  o n ly
one a to m iz a tio n  th e  ta n ta lu m  began to  c u r l  a t  th e  edges re d u c in g  th e
co n ta c t s u r fa c e  and caus ing  a rc in g  and hence i r r e g u la r  h e a t in g  o f  th e  
ta n ta lu m . A f te r  o n ly  f i v e  a to m iz a tio n s  th e  ta n ta lum  became, very  
b r i t t l e  and c o u ld  n o t be used. I t  was dec ided to  use a lo n g e r p ie ce  
o f  ta n ta lu m  f o i l .  The f o i l  used th is  tim e  was 0.018 mm th ic k  and was 
c u t  and shaped to  f i t  in s id e  th e  fu rn a ce  and to  extend o u t o f  each 
end o f th e  fu rn a c e . When th e  g ra p h ite  fu rn a ce  was p laced in to  th e
fu rn a ce  assembly system , th e  ta n ta lum  was th en  in  co n ta c t w ith  th e
g ra p h ite  c o l la r s  w h ich  would f a c i l i t a t e  more re g u la r  h e a tin g  o f  th e  
ta n ta lu m . R esu lts  from  t h is  typ e  o f  ta n ta lu m  s u rfa ce  were s im i la r  to  
those o f  th e  o th e r ta n ta lu m  in s e r t  b u t more re p ro d u c ib le .  However the 
l i f e t im e  o f  th e  s t r i p  was n o t im proved.
An a tte m p t was made to  produce a ta n ta lum  in s e r t  from  pure 
ta n ta lu m  ro d . T h is  typ e  o f  in s e r t  was made in  th e  shape o f  a bo a t 
w h ich  f i t t e d  in s id e  th e  fu rn a ce  and made good c o n ta c t w ith  the 
fu rn ace  w a l ls .  A diagram  th e  bo a t i s  shown in  F ig u re  16.
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F ig u re  16 : Diagram o f  a Tar'talum  Boat.
The ta n ta lu m  b o a t was te s te d  w ith  re s p e c t to  te rb ium  s in c e  
a to m iz a tio n  o f samarium o r europium  from  a ta n ta lum  s u rfa c e  does n o t 
im prove th e  peal-- Due to  th e  shape o f  t h is  bo a t a maximum volume o f 
10 / i l  cou ld  be p ip . t t e d  on to  i t  w ith o u t s p i l la g e .  A maximum
te rb iu m  measurement and p ro b a b ly  reducer- th e  useab le l i f e t im e  o f  th e  
b o a t. Again th e  a to m iz a tio n  peak was im proved. However th e re  appears 
to  be a te m p era ture  la g  between fu rn a ce  and bo a t te m p era ture  s in ce  
th e  a to m iz a tio n  peak i s  s h i f t e d  to  th e  r ig h t  in  \e  te m p e ra tu re /t im e , 
a b sorb an ce/tim e p r o f i le .  Ten a to m iz a tio n s  o f  10 j i l  o f  10 jtg /m l 
te rb iu m  were made from  which a r e la t iv e  s ta nd a rd  d e v ia t io n  o f 30 per 
c e n t was o b ta in e d . The p o s it io n in g  o f th e  b o a t in s id e  th e  fu rn ace  
appears to  be c r i t i c a l  s in ce  i t s  rem oval and rep lacem ent caused a 
d e te r io ra t io n  in  peak shape. A f te r  a p p ro x im a te ly  s ix ty  a to m iz a tio n s , 
th e  a to m iz a tio n  peaks became i r r e g u la r  i n  shape ( I . e .  n o isy  peaks 
w ith  lo ts  o f s p ik e s )  a lth ou gh  th e  ta n ta lu m  bo a t d id  n o t appear to  
have d e te r io ra te d .
F u rth e r te s ts  were th en  c a r r ie d  o u t us in g  a ta n ta lum  p la tfo rm . 
T h is  was made from  pu re  ta n ta lum  rod  to  th e  seme des ign  o f  th e  
com m erc ia lly  a v a i la b le  g ra p h ite  p la tfo rm s  (see F ig u re  1 7 ).
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F ig u re  17 i  D iagram o f  a Tanta lum  P la tfo rm .
S ince co n ta c t w ith  th e  fu rn a ce  w a ll  o n ly  occu rs  a t  two p o in ts  
h e a t in g  o i th e  p la tfo rm  w i l l  be m a in ly  due to  co n ve c tio n  and the  
te m p era ture  o f  th e  p la t fo rm  w i l l  la g  th a t  o f  th e  w a l l .  T h is  p la t fo rm  
was te s te d  fo r  te rb iu m . A to m iza tio n  tem pera tures above 230Q°C 
caused th e  s ig n a l to  be overhangs even when th e re  was no te rb iu m  on 
th e  p la t fo rm . T h is  e f fe c t  i s  p ro b a b ly  due to  e i th e r  ta na ta lu m  be ing  
re le a se d  in  th e  l i g h t  p a th  o r  th e  fa c t  th a t  th e  ta n ta lu m  p la tfo rm  
v ib ra te s  which may a ls o  in te r f e r e  w ith  th e  l i g h t  p a th . Hot' v e r  a t  
2 3 0 0 ° ^ th e  te rb iu m  i s  n o t t o t a l l y  re le a se d  from  th e  p la t fo rm  and 
th e  a to m iz a tio n  peaks o b ta in e d  a re  broadened w ith  a l o t  o f  t a i l i n g .  
The re fo re  s e n s i t iv i t y  i s  poor and t h is  p la t fo rm  i s  n o t s u ita b le  fo r  
th e  measurement o f  te rb iu m .
An a tte m p t was made t o  fo rm  a ta n ta lu m  ca rb id e  co a tin g  on an 
u n p y r o ly t ic a l ly  coated g ra p h ite  fu rn a c e . The method o f  F r itz s c h e  e t  
al21 was used in  which th e  g ra p h ite  fu rn a ce  i s  soaked o v e rn ig h t 
in  a s o lu t io n  o f  5 pe r ce n t ta n ta lu m  in  h y d r o f lu o r ic  a c id .  The 
fu rn a ce  i s  th en  d r ie d  a t  120°C fo r  2 . to  4 ho u rs . P r io r  to  
a to m iz a tio n  th e  Furnace i s  heated to  120°C fo r  1 m in u te , th en  to  
400°C f o r  30 seconds and f i n a l l y  to  2200°C w ith in  90 seconds 
and h e ld  a t  maximum te m p era ture  fo r  10 seconds. T h is  p rocedure  was 
rep ea ted tw ic e . T h is  fu rn a ce  was te s te d  f o r  te rb iu m  b u t showed no 
improvement in  a to m iz a tio n  peak. In  fa c t  th e  peak o b ta in e d  from  th e  
c a rb id e  coated fu rn ace  was worse th an  th e  a to m iz a tio n  peak from  a 
p y r o ly t ic a l ly  coated fu rn a c e . A to m iz a tio n  o f  te rb iu m  from  an 
u n p y r o ly t ic a l ly  coa ted g ra p h ite  fu rn a ce  re s u lte d  i n  a peak w hich was 
s im i la r  to  th e  peak o b ta in e d  f r c  th e  c a rb id e  coated s u r fa c e . 
S e n s i t iv i t y  was poor and th e  a to m iz a tio n  peak was broadened w ith  a 
l o t  o f  t a i l i n g .  I t  was th ou gh t th a t  soa k ing  th e  fu rn ace s  in  th e  
ta n ta lu m  s o lu t io n  under vacuum would im prove th e  c a rb id e  c o a tin g . 
However when th is  was t r i e d  th e re  was no improvement in  r e s u lt s .  T h is  
typ e  o f  c a rb id e  c o a tin g  does n o t appear to  o f f e r  any improvement in  
r e s u lt s .  T h is  cou ld  be due to  some s o r t  o f  chem ica l r e a c t io n  between 
te rb ium  and ta n ta lum  c a rb id e  b u t i t  i s  more l i k e l y  th a t  th e  co a tin g  
was n o t s a t is fa c to r y .
3 .4 )  ARRHENIUS TYPE INVESTIGATIONS.
The use o f  e i th e r  thermodynamic o r  k in e t ic  p r in c ip le s  to  
unde rs tand a to m iz a tio n  processes can be an o v e r s im p li f ic a t io n .  The 
g ra p h ite  fu rn a ce , d u r in g  a to m iz a tio n , co n ta in s  a h ig h ly  dynamic 
environm ent and i f  th e rm a l e q u i l ib r iu m  e x is ts  i t  w i l l  be very 
t r a n s ie n t ,  Ths model proposed by F u l le r 31 u s in g  k in e t ic s  has 
d isadvantages s in c e  in  norm al g ra p h ite  fu rn a ce  ana lyses a ccu ra te  
vapour tem pera tures a re  n o t known. The model o f  T o rs i and 
T e s s a ri33 i s  o n ly  a p p lic a b le  to  open typ e  a to m ize rs . W ith  normal 
g ra p h ite  fu rn a ce s  reco nd en sa tio n  has been shown to  occu r (see Chapter 
3 s e c t io n  3 .5 )
T he re fo re  i t  was dec ided to  in v e s t ig a te  th e  model o f  S turgeon e t 
aJ.G1 in  w hich bo th  th e  k in e t ic  and thermodynamic asp ects  o f  
a to m iz a tio n  a re  ta ken  in to  accoun t.
3 .4 .1 )  Theory.
As d iscu sed p re v io u s ly  (C hap te r 1 , S e c tio n  1 . 6 .8 . )  th e re  are  
s e v e ra l a to m iz a tio n  processes which can occu r in  th e  g ra p h ite  
fu rn a ce .
i y ] y { s / l )  -  Mx 0y(g ) -  xfn(g) + yD(g)    ( 1 )
Mx0y ( s /1 )  + yC (s) —  x M (s / l)  +yC0(g)
I
x /2  M2 -  xM(g)  (2 )
RXm( s / l )  — mXm(g )  "■ N(g) -■ '( g )   (3 )
The oxygen and ha logen ha'.e beon shown in  monatomic fo rm  s in ce  
th e  p a r t i a l  p re ssu res  o f  these 1 le c ie s , in  th e  gas phase, a re  very  
s m a ll. Very sms .1 masses o f  sar.ipju a re  atom ized in  th e  fu rn a ce  and 
th e re fo re  th e  p a r t i a l  p ressures o f  any l ib e ra te d  oxygen o r  halogen 
w i th in  th e  fu rn a ce  i s  a ls o  ve ry  s m a ll. T he re fo re  th e  p o s s ib i l i t y  o f 
reco m b ina tion  th ro ug h  c o l l i s io n  o f  a n a ly te  fragm ents  i s  
in s ig n i f i c a n t .
In  th e  ge ne ra l a to m iz a tio n  processes (1 ) to  ( 3 ) ,  i f  th e  f i n a l  
s te p  i s  c h a ra c te riz e d  by a un im o le cu la r  ra te  co n s ta n t k - j, then 
f o r  r e a c t io n  (1 )  th e  ra te  o f  p ro d u c tio n  o f  ffl(g) a t  any te m p era ture  i  
g ive n  by :
dP m (g )/d t xkiP|Y|xQy ( Q) 
“  k1 Kpasx ..(4)
Where Kp = P^xcy (g ) /a s
as = a c t iv i t y  o f  th e  condensed phase
on th e  s u rfa c e  o f  th e  carbon s u r fa c e .
P = p a r t i a l  p re ssu re  o f  spe c ies  denoted by 
th e  s u b s c r ip t  o f  p .
The a c t iv i t y  o f  th e  s u r fa ce  phase w i l l  be m ain ta ine d  as a 
v a r ia b le  i n  t h is  model s in ce  i t  i s  dependant on bo th  a n a ly te  mass and 
te m p era tu re .
There i s  a ls o  a p o s s ih ' f  lo s s  o f  a tom ic  vapour by 
d i f f u s iv e  and co n ve c tive  fh e rs fo ra  i t  i s  necessary to
in tro d u c e  a te rm  Rq in to  eq u a tio n  ( t i)  to  accoun t fo r  these
dP fi(g ) / d t  = k-iKpagx -  fiD . . ( 5 )
Th f ' . s t r ib u t io n  o f atom ic  vapour a lo ng  th e  le n g th  o f  th e  
fu rn a ce  .  ro u g h ly  Gaussian and i s  governed by P ic k 's  second law . 
Assuming th a t  th e  vapour d e n s ity  f a l l s  l in e a r ly  from  i t s  maximum in  
th e  c e n tre  to  zerts where th e  vapour leaves th e  fu rn a ce  by 
con de nsa tion  a t e i th e r  end* th en  th» ra te  o f d i f f u s io n a l  lo s s  from  
th e  fu rn ace  may be approxim ated by <■ -'im p le f i r s t  o rd e r p rocess.
R0 = koPM(g)
where kQ i s  th e  ra te  co n s ta n t f . , i Joss o f  vapour.
■e*------------. S 'J ^
F or a s h o r t  p e r io d  o f t im e , th e  a c t iv i t y  (a g ) i s  n e a r ly  
c o n s ta n t and a steady s ta te  i s  a ch e ive d , under these c o n d it io n s  
e q u a tio n  (5 )  can be w r i t t e n  th u s  :
dP< il(g )M  -  D = M p S g X  -  koPM(g) (6 )
w hich on rearrangem ent y ie ld s  :
PW(g) = t<iKpas x /k D ■(?)
I n  a tom ic  a b s o rp tio n  spe c trosco py  th e  measured absorbance A is  
d i r e c t ly  p r o p o r t io n a l to  th e  c o n c e n tra t io n . T h e re fo re  :
where A f i s  th e  absorbance o f  a m e ta l vapour a t  te m p era ture  T 
and kft i s  th e  p r o p o r t io n a l i t y  co n s ta n t.
A cco rd ing  to  t r a n s i t io n  s ta te  th e o ry  th e  ra ta  co n s ta n t k i 
can be fo rm u la te d  in  thermodynamic te rm s by th e  in t r o d u c t io n  o f the 
s ta nd ard  fr e e  energy change f o r  th e  r e a c t io n .
where k i s  B o ltzm ann 's  c o n s ta n t, h  i s  P la n c k 's  co n s ta n t and AG °r , 
AS6r and A H ° r a re  th e  fre e  en e rg y , en trop y  and e n th a lp y  o f  a c t iv a t io n  
r e s p e c t iv e ly .  I t  i s  p o s s ib le  to  equate th e  e n th a lp y  o f  a c t iv a t io n  to  
th e  a c t iv a t io n  energy to  a f i r s t  ap p ro x im a tio n . The e q u i l ib r iu m  
constant, fo r  th e  gas-condensed phase e q u il ib r iu m  (l<p ) i s  a 
fu n c t io n  n f  tem pera ture  and i t s  r e la t io n s h ip  i s  g ive n  by th e  v a n 't  
H o ff  e q u a tio n .
flT = k APM( g ) = k ftk iK pas x/kQ ( 8 )
k-| = kT /h  e x p (-  A G °r /RT)
= (k T /h )e x p (-  A S °r /R )e x p (-  A H ° r /R T) ■O)
3  lnK D 
9 (1 /T ) ,W 7 f r P) p
-  A h°
R
,(10 )
where A h°  i s  th e  s ta nd ard  e n th a lp y  change fo r  a phase 
t r a n s i t io n  and R i s  th e  gas c o n s ta n t.
On in te g r a t io n , us in g  common lo g a r ith m s  e q u a tio n  (9 ) becomes :
In  Kp = ~AHO/2.3RT +  C   . . ( 1 1 )
where C i s  th e  in te g r a t io n  c o n s ta n t. AH 0 i s  assumed to  be 
tem pera ture  independent s in c e  th e  p ro du c t A T A C p i s  sm a ll 
compared to  AH0 .
S u b s t itu t in g  equations: ( 9 j  and (11 ) i n  (8 )  g lu e s  :
InAf = -Eg + AH ° + AS°r + kflagkTxC1
2.3RT 2.3R hkp
= -Ea + AH° + Aa
2.3RT
I f  th e  lo g  o f  th e  absorbance i s  p lo t te d  a g a in s t th e  in v e rs e  o f 
th e  a b s o lu te  tem pera ture  th en  a s t r a ig h t  l i n e  w ith  s lop e  o f 
- {E a -  A H °)2 .3 R  and in te r c e p t  A0 sho u ld  be o b ta in e d .
The a c t iv a t io n  energy o b ta in ed  from  InA  ve rsu s 1 /T  p lo t  i s  an 
e x c e l le n t a p p ro x im a tion  t o  th e  bond d is s o c ia t io n  e n e rg ie s  o f  gaseous 
spe c ies  and can be be s t c o r re la te d  to  one o f  th e  fo llo w in g  va lu es  :
1 )  The d is s o c ia t io n  energy o f  th e  m eta l o x id e , i . e .  f re =  atoms o r is e  
from  therm a l d is s o c ia t io n  o f  th e  o x id e .
2) The d is s o c ia t io n  energy o f th e  m eta l h a lid e .
3) The heat o f  a to m iz a tio n  o f th e  m e ta l. i . e .  ca rb o th e rm a l re d u c tio n  
o f  th e  m eta l o x id e  y ie ld in g  s o l id  o r  l i q u id  m e ta l w hich v o la t i l iz e s  
to  gaseous m e ta l.
4 ) The m a ta l-m e ta l bond d is s o c ia t io n  en e rg y , i . e .  fo rm a tio n  o f  
d im e r ic  spe c ies  w ith  a to m iz a tio n  sequence as above.
5) The m e ta l-ca rb on  bond d is s o c ia t io n  energy, i . e .  fo rm a tio n  o f 
ca rb id e s  p r io r  to  a to m iz a tio n .
I t  i s  p o s s ib le  th a t  a to m iz a tio n  may occur by a d i f f e r e n t  process 
a t d i f f e r e n t  te m p era tu res . Take fo r  example e q u a tio n  ( l )
Mx0 y ( s /1 )  -  M*Oy (g ) x fltg )  + yO(g)
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A t low  te m pera tures when l i t t l e  o f  th e  o x id e  has vap ou rize d  then 
r e a c t io n  ( l ) may be expected to  be th e  m ajor s u p p l ie r  o f  M (q ). A t 
h ig h e r te m p era tures r e a c t io n  (2 ) may be the more l i k e l y  p ro cess .
T h e re fo re  th e  Ea p lo ts  o b ta in ed  may be a com posite o f  two 
s t r a ig h t  l in e s  w ith  d i f f e r e n t  s lop es .
3 .4 .2 )  E xp e rim e n ta l.
The Ea p lo ts  f o r  europium , samarium and te rb iu m  were 
de te rm ined u s in g  th e  method o f  S a s try  e t  a l^ Z . The a n a ly te  is  
atom ized from  th e  g ra p h ite  fu rn a ce  a t  a p re s e t te m p era tu re , th e  peak 
h e ig h t o b ta in e d  i s  taken as th e  atisorbance and th e  tem pera ture  
d is p la y e d  by th e  in s tru m e n t i s  taken as th e  a to m iz a tio n  te m p era tu re . 
They c la im  th a t  t h is  i s  p o s s ib le  because d u r in g  a to m iz a tio n  o f  aor-i pou.
teva xintoVi(i th e re  w i l l  n o t be much d if fe re n c e  between gas
and w a ll  te m p era tu res . In  th e  GTA-95 system used fo r  t h is  s tu d y , th e  
fu rn a ce  tem pera ture  i s  c o n tr o l le d  by v o lta g e  feedback w hich should 
compensate fo r  any change in  re s is ta n c e  and th e re fo re  th e  te m p era ture  
programmed sho u ld  he th e  tem pera ture  a t ta in e d  by th e  fu rn a ce .
measurements were made in  s y n th e t ic  s o lu t io n s  o f th e  a p p ro p r ia te  
a n a ly te  in  1 pe r ce n t h y d ro c h lo r ic  a c id .  Argon was used as th e  sheath 
gas and th e  f lo w  o f  gas was stopped d u r in g  a to m iz a tio n . The peak 
h e ig h ts  were reco rd ed in  absorbance u n i ts  a t  va ry in g  a to m iz a tio n  
te m p era tures from  around 2DD0°C to  290D°C in  one hundred 
degree s ta ge s .
R esu lts  fo r  each o f th e  a n a ly te s  a re  d e ta ile d  be low ,
a )  Europium
Two s t r a ig h t  l in e s  were o b ta in ed  which in te rs e c te d  a t 
ap p ro x im a te ly  235D°C (see F ig u re  1B a). The a c t iv a t io n  energy a t  
th e  h ig h e r tem pera ture  re g io n  was 163 k j/m o l which i s  com parable to
144.7  k J /m o l, th e  he a t o f  s u b lim a tio n  o f  europium . The a c t iv a t io n  
energy a t th e  low  te m p era ture  re g io n  was 259 k J /m o l. The he a t o f  
d is s o c ia t io n  o f  europium  monoxide i s  479 k J /m o l6^ w hich i s  no t 
comparable t r  th e  a c t iv a t io n  energy fo r  th e  low  tem pera ture  re g io n . 
However th e  he a t o f  d is s o c ia t io n  o f  europium  d ic a rb id e  i s  216 
kJ/molG4 which i s  com parable to  th e  a c t iv a t io n  energy. T h is  
suggests th a t  th e rm a l d is s o c ia t io n  o f th e  d ic a rb id e  i s  th e  most 
l i k e l y  process a t  low  te m p era tures and a t  h ig h  tem peratures
E u(s) —• Eu(g) i s  th e  more l i k e l y  p ro cess . The b o i l in g  p o in t o f  
europium  m eta l i s  1529°C so i t  i s  p o s s ib le  th a t  europium i s  in  
th e  gaseous s ta te  above 2350°C.
b )  Samarium
Two s t r a ig h t  l in e s  were ob ta in e d  which in te r s e c t  a t  
a p p ro x im a te ly  2400QC (see F ig u re  18 b ). The a c t iv a t io n  energy a t  
th e  h ig h e r tem pera ture  re g io n  was 201 kJ /m o l which i s  comparable to
206.7 k J /m o l, th e  he a t o f  su b lim a tio n  o f  samarium m e ta l. The b o i l in g  
p o in t  o f  samarium i s  1794°C so samarium in  th e  gaseous s ta te  is  
fe a s ib le  a t  t h is  te m p era tu re . The a c t iv a t io n  energy a t  th e  low 
tem pera ture  re g io n  was 410 k J /m o l. The d is s o c ia t io n  energy o f 
samarium monoxide i s  567 kJ/molG3 and th e  d is s o c ia t io n  energy o f 
samarium d ic a rb id e  i s  303.1 kJ/m ol65 n e ith e r  o f  which are 
comparable w ith  th e  a c t iv a t io n  energy.
c )  Terbium
Two s ta ig h t  l in e s  which in te r s e c t  a t  a p p ro x im a te ly  J3G0°C 
(see F ig u re  1 8 c ). The a c t iv a t io n  energy a t  th e  h ig h e r tem pera ture  
re g io n  i s  155 kJ /m o l. T h is  does no t compare w e ll  w ith  th e  heat o f  
su b lim a tio n  fo r  te rb iu m  w hich i s  388.7 kJ /m o l. The b o i l in g  p o in t  o f  
te rb ium  i s  3230°C sug ge s ting  th a t  te rb iu m  in  th e  gaseous s ' ' '  i s  
u n l ik e ly  a t  these te m p era tu res . The a c t iv a t io n  energy a th  low 
tem pera ture  re g io n  i s  520 k J /m o l. T h is  va lu e  i s  n o t com parab.c to  
e i th e r  the bond d is s o c ia t io n  energy o f  te rb ium  monoxide6^  (704 
k J /m o l)  o r  te rb iu m  d ica rb ideS B  (628 k J /m o i) .
A summary o f  th e  r e s u lt s  o b ta in ed  f o r  th e  th re e  la n th a n o id s  i s  
g ive n  in  Table 8 .
I t  i s  p o s s ib le  th a t  these r e s u lt s  a re  q u e s tio n a b le  e s p e c ia l ly  a t  
th e  low e r te m p era tures where a to m iz a tio n  may n o t be com plete and th e  
ra te  o f  a to m iz a tio n  may d i f f e r  and hence a f fe c t  th e  peak h e ig h t.
S turgeon e t  a l^ l  suggested th a t  th e  absorbance and 
tem pera ture  were measured d u r in g  th e  r is e  o f  th e  a n a ly t ic a l  peak.
They used a therm ocouple to  de te rm ine te m p era ture  and a s to rage 
o s c il lo s c o p e  to  c o l le c t  th e  peak. However in  t h is  in v e s t ig a t io n  t h is  
cou ld  no t be c a r r ie d  o u t because measurement o f  th e  fu rn ace  
tem perature in  th e  GTA-95 system was im p oss ib le  us in g  th e  equipment 
a v a i la b le .
sI A k IO* 1/T x 106
£
F ig u re  18 : (a )  P lo t  o f  In  A vs 1/T  fo r  Europium.
(b ) P lo t  o f  In  A vs 1/T  f o r  Samarium.
(c )  P lo t  o f In  A vs l / T  fo r  Terbium.
Tab le 0 : Summary o f  A c t iv a t io n  Energies and P o s s ib le  A to m iza tio n  
Mechanisms fo r  Europium, Samarium and Terbium .
Element Ea
kJ/m ol
L ik e ly  in te rm e d ia te Energy
(kJ /m o l)
Europium EuC2/E u 216
E u (s )/E u (g ) 144.7
Samarium No c o r r e la t io n
201 Sm(s)/Sm(g) 206.7
Terbium 520 No c o r r e la t io n
155 No c o r r e la t io n
3 .5 )  NEUTRON ACTIVATION ANALYSIS RESULTS.
The la n th a n o id s  would be *o fo rm  r e f r a c to r y  compounds
in  th e  fu rn a ce . These compounds .,c be co m p le te ly  atom ized from  
th e  fu rn a ce  and th e re fo re  i t  was dec ided to  c a r ry  ou t 
experim ents to  de te rm ine how much re s id u a l a n a ly te  was l e f t  i n  the 
fu rn a ce  a f t e r  a to m iz a tio n .
A s e t o f  fu rn ace s  were su p p lie d  to  th e  N a tio n a l Phys ics  Research 
U n it  (NPRU) o f  th e  U n iv e rs ity  o f  th e  W itw a te rs ran d  f o r  a n a ly s is .
These c o n s is te d  o f  a b la nk  fu rn a ce  and fo r  each o f  te rb iu m , samarium 
and europ ium , one fu rn a ce  w ith  a known q u a n t i ty  o f  a n a ly te  d r ie d  on to  
i t  and one fu rn a ce  w ith  th e  same amount o f  a n a ly te  a tom ized .
T h e re fo re  some measure o f  th e  e f f ic ie n c y  o f  a to m iz a tio n  c o u ld  be
S y n th e tic  s o lu t io n s  o f  each la n th a n o id  in  one pe r cen t 
h y d ro c h lo r ic  a c id  were used in  each case. Optimum fu rn a ce  c o n d it io n s  
were used b u t no tube c le a n  s tage was in c lu d e d .
Each fu rn a ce  tube was sea led  in  q u a rtz  and i r r a d ia te d  in  th e  
re a c to r  a t  Pe lindaba fo r  a t  le a s t  14 ho u rs . The samples were a llo w e d  
to  decay f o r  a c e r ta in  le n g th  o f  tim e  b e fo re  measurement. Samarium
was measured f i r s t  s in c e  i t  has th e  s h o r te s t decay p e r io d . Terbium 
and europium  have s im i la r  decay p e r io d s .
Measurement o f  th e  fu rn ace s  was c a r r ie d  ou t a t  NPRU u s in g  th e  
equipment a v a i la b le .  The system used c o n s is te d  o f a c o a x ia l 
ge rm a n iu m (lith ium ) d e te c to r  coupled to  a m u ltic h a n n e l a n a ly s e r. The 
d ig i t a l  o u tp u t was reco rded on m agnetic tape and e v e n tu a lly  processed 
by th e  com puter.
3 .5 .1 )  R e su lts  f o r  Samarium.
The r e s u lts  o b ta in e d  a re  ta b u la te d  in  Tab le 9 . P re c is io n  o f 
measurement was approxim  h e ly  one per c e n t. Furnace number 1 i s  the 
b la nk  fu rn a c e , fu rn a ce  number 2 con ta in e d  50 ng o f  samarium and 
fu rn ace  number 3 i s  th e  one from  w hich 50 ng o f  samarium had been 
added and th en  atom ized .
Table 9 : R esu lts  o f  N eutron A c t iv a t io n  A n a ly s is  f o r  Samarium.
Furnace Number Samarium Counts
( 3 .8 0 * 0 .7 6 ) x103
( 7 .5 6 i  0 .0 2 ) x105
(3 .B 5 i 0 .0 2 )x1Q5
From these r e s u l t s , i t  appears th a t  o n ly  50 pe r ce n t o f  the  
samarium on th e  fu rn a ce  i s  atom ized . However a tem peratu : g ra d ie n t 
a lo ng  th e  fu rn ace  le n g th  may cause reco nd en satio n  a t  th e  fu rn ace  
ends. Each fu rn a ce , except th e  b la n h , was c u t in to  th re e  p o r t io n s  and 
th e  c e n tre  o f  th e  fu rn a ce  counted s e p a ra te ly  from  bo th  ends which 
were counted to g e th e r . These r e s u lt s  (shown in  Tao le 10) in d ic a te  
th a t  82 pe r ce n t o f  th e  samarium i s  atom ized from  th e  c e n tre  o f  th e  
fu rn a ce  le a v in g  18 pe r cen t re s id u a l.  However 31 pe r c e n t o f  the  
samarium had recondensed on th e  fu rn ace  ends.
Table ID . N eutron A c t iv a t io n  A n a ly s is  o f  P o rt io n s  o f  b ra p h ite  
Furnace fo r  Samarium.
Furnace Number Samarium Counts
2 (c e n tre  p o r t io n ) ( 5 . 4 6 * 0 . G3)x105
2 (end p o r t io n s ) ( 2 .8 0 *  0 .3 4 )x103
3 (c e n tre  p o r t io n ) (9 .7 B *0 .1 0 )x 1 0 A
3 (end p o r t io n s ) ( I .7 3 * 0 .0 2 ) x 1 0 5
3 .5 .2 )  R esu lts  f o r  Terbium .
R esu lts  were ob ta in e d  s im i la r ly  fo r  te rb iu m . In  t h is  case 500 ng 
o f  te rb ium  was d r ie d  on to  fu rn a ce  number 4 and atom ized from  fu rn a ce  
number 5 . P re c is io n  o f  measurement was around 3 pe r c e n t. R esu lts  
from  th e  a n a ly s is  o f  th e  e n t i r e  fu rn a ce  in d ic a te d  th a t o n ly  41 per 
c e n t o f  th e  te rb ium  had been a tom ized . These fu rn ace s  were a ls o  c u t 
in to  th re e  p o r t io n s  and th e  c e n tre  p o r t io n  measured s e p a ra te ly  from  
bo th  ends which were measured to g e th e r . Exam ination o f  th ese  r e s u lt s  
(see Tab le 11) shows th a t  ap p ro x im a te ly  BO p e r ce n t o f  th e  te rb ium  
had been atom ized le a v in g  a re s id u a l 40 per ce n t on th e  fu rn a ce .
Tab le  11 : N eutron A c t iv a t io n  A n a ly s is  o f  P o rt io n e d  G rap h ite  
Furnaces fo r  Terbium.
Furnace Number Terbium  Counts
4 (c e n tre  p o r t io n ) (2 .5 8  *0 .0 8 > x10B
4 (end p o r t io n s ) {1 .9 6 * D .7 Q )x10B
5 (c e n tre  p o r t io n ) ( t.4 6 ± 0 .0 6 )x 1 0 8
5 (end p o r t io n s ) (2.51 t  0 .2 8 ) x108
In  t h is  c a s e ,p re c is io n  o f  measurement f o r  th e  end p o r t io n s  o f 
fu rn a ce  4 and 5 was around 20 pe r ce n t because th e  q u a n t i ty  o f 
te rb ium  was reduced. P re c is io n  o f  measurement f o r  th e  c e n tre  p o r t io n
was 2 pe l ce n t.
3 .5 .3 )  R esu lts  f o r  Europium.
These were aga in  o b ta in ed  s im i la r ly  to  bo th samarium and 
te rb iu m . In  t h is  case 5 ng o f  europium  was d r ie d  on to  fu rn a ce  number 
6 and atom ized from  fu rnace number 7 . R esu lts  fo r  th e  a n a ly s is  o f  the  
e n t i r e  fu rn a ce  in d ic a te d  th a t  o n ly  38 p e rce n t o f  th e  europium  had 
been atom ized from  th e  fu rn a ce . Again th e  fu rn a ce  was c u t in t o  th re e  
p o r t io n s  and th e  amount o f  europium  p re sen t in  th e  c e n tre  p o r t io n  
de te rm ined s e p a ra te ly  from  th e  end p o r t io n s . These r e s u lt s  are 
p resen ted in  Tab le  12 . These r e s u lt s  in d ic a te  th a t  a p ro x im a te ly  80 
pe r ce n t o f  th e  europium  has been atom ized .
Table 12 : N eutron A c t iv a t io n  A n a ly s is  R esu lts  o f  th e  P o rtio n e d  
G rap h ite  Furnace f o r  Europium.
Furnace Number Europium counts
6 (c e n tre  p o r t io n ) ( 2 .7 8 t O .U ) x 1 02
6 (end p o r t io n s ) (6.51 £ 0 .7 6 )x1 0 1
7 (c e n tre  p o r t io n ) (6 .0 0 t0 .4 B )x 1 0 1
7 (end p o r t io n s ) ( l . 4 8 ia .1 0 ) x 1 0 2
The r e s u lt s  o b ta in ed  fo r  th e  th re e  la n th a n o id s  in d ic a te  th a t  th e  
e f f ic ie n c y  o f  a to m iz a tio n  f o r  europium  and samarium i s  good b u t th a t  
th e re  i s  q u ite  a la rg e  amount o f  re s id u a l te rb ium  in  th e  fu rn ace  
a f t e r  a to m iz a tio n . However these experim en ts  can o n ly  be used to  
in d ic a te  th e  amount o f  a n a ly te  p re sen t i n  th e  fu rn a ce  and o th e r 
techn iq ue s  have to  be used to  de te rm ine th e  typ e  o f  compounds in  th e  
fu rn a ce .
3 .6 )  COMPOUND IDENTIFICATION BY X-RAY POWDER DIFFRACTION.
S e ve ra l a u th o rs  have used th e  X -ray  d i f f r a c t io n  te ch n iq u e  to  
id e n t i f y  th e  compounds p re se n t in  th e  g ra p h ite  fu rn a c e . N icke l^?  
id e n t i f ie d  th e  r e a c t io n  p ro d u c ts  and t h e i r  d is t r ib u t io n  on th e
g ra p h ite  anode o f  a do a rc  system . Suzuki and OhtaGQ id e n t i f ie d  
su lp h id e  in  th e  re s id u a l m a te r ia l l e f t  in  th e  fu rn a ce  a f t e r  h e a tin g  
th io u re a  w ith  v a r io u s  elem ents to  573K.
In  t h is  s tu dy , x - ra y  powder d i f f r a c t io n  was used to  id e n t i f y  th e  
compounds p re sen t in  th e  g ra p h ite  fu rn ace  p r io r  to  a to m iz a tio n . A 
known amount o f  e i th e r  europ ium , samarium o r  te rb iu m , as th e  c h lo r id e  
com plex, was added to  th e  fu rn a c e . A f te r  d ry in g , th e  tem perature was 
inc rea sed  to  1S00°C and m a in ta ine d  a t  th a t  tem pera ture  fo r  up to  
30 seconds ( th e  tim e  used was c o n c e n tra t io n  dependen t). The fu rnace 
was th en  c u t i n  h a l f  a lo ng  i t s  le n g th  and a sm a ll p o r t io n  o f  the  
c e n tre  o f  the fu rn a c e , where th e  a n a ly te  was expected to  be , was 
removed, mounted and measured by x - ra y  d i f f r a c t io n .  I t  was found 
necessary to  add la rg e  q u a n t i t ie s  o f  a n a ly te  to  the  fu rn a ce  s ince  
i n i t i a l  r e s u lt s  showed o n ly  g ra p h ite  p a tte rn s . Phase a n a ly s is  was 
c a r r ie d  ou t by th e  D ebye-Seherrer m e th od ^  us in g  CuKa  r a d ia t io n .
The m ajor d i f f i c u l t y  w ith  these experim ents was in  o b ta in in g  a 
sample o f  the  re s id u a l m a te r ia l s in c e , in  most cases, no re s id u a l 
m a te r ia l cou ld  be seen on th e  g ra p h ite  s u r fa c e  even under 
"m a g n if ic a t io n . The presence o f  ca rb id e s  in  th e  p y r o ly t ic a l ly  coated 
fu rn ace s  was n e t r ' nved. The compounds p re sen t appeared to  be the  
ox id es  b u t th e  powder p a tte rn s  were very  weak and these r e s u lts  are 
q u e s t io n a b le . I n i t i a l l y ,  r e s u lt s  fo r  samarium in  th e  u n p y r o ly t ic a l ly  
coa ted fu rn ace  in d ic a te d  th a t  samarium d ic a rb id e  was p re sen t however 
subsequent experim ents in d ic a te d  o n ly  th e  powder p a tte rn  o f  g ra p h ite .  
In  th e  case o f  te rb iu m ,th e  re s id u a l m a te r ia l cou ld  be seen and 
c o l le c t io n  o f th e  sample was r e la t iv e ly  easy. However id e n t i f i c a t io n  
o f  th e  powder d i f f r a c t io n  p a tte rn  was more d i f f i c u l t .  The compound 
p re se n t i s  e i th e r  an unknown complex o r  a m ix tu re  o f  two compounds.
I t  was p o s s ib le  to  account f o r  a l l  th e  l in e s  pre sen t on th e  f i lm  by 
ta k in g  a com b ination  o f  some o f  th e  l in e s  f o r  te rb ium  o x id e  and 
te rb ium  c a rb id e . T h is  cou ld  be p o s s ib le  s in c e  th e re  was expected to  
be 3 .4  mg o f  te rb iu m  on th e  fu rn a ce , assuming no ash ing  lo s s e s , and 
a t  th e  g ra p h ite  s u r fa ce  fo rm a tio n  o f  te rb ium  ca rb id e  i s  l i k e l y .  The 
s u r fa ce  la y e r  o f  te rb ium  above t h is  ca rb id e  may co n ta in  some o f  th e
3 .7 )  DISCUSSION.
R e su lts  o f  th e  p re v io u s  experim ents in d ic a te  th a t  the 
a to i i r i o . i  p ro ressos fo r  th e  th re e , la n t t& n o id s  in v e s t ig a te d  a re  
• q u i t j  - im p lic a te d . The r e s u lt s  o f  th e  appearance tem perature 
experim en ts  in d ic a te  th a t  n e ith e r  ca rb o th e rm a l re d u c tio n  o f  th e  ox id e  
no r v o la t i l iz a t i o n  o f  s o l id  m eta l to  gaseous m eta l a re  c o n tr ib u ta ry  
processes to  atom p ro d u c tio n . The accu racy o f  th e  method o f 
d e te rm in in g  appearance tem pera ture  i s  open to  q u e s t io n  b u t the 
im p o rta n t f a c t  t o  emerge i s  th a t  each o f  th e  th re e  la n th a n o id a  have 
d i f f e r e n t  appearance tem peratures and th a t  these appearance 
tem pera tures a re  re la te d  to  th e  r e la t iv e  v o l a t i l i t i e s  o f  the 
in d iv id u a l  la n th a n o id s .
The a to m iz a tio n  p r o f i le s  o b ta in ed  a re  a ls o  in d ic a t iv e  o f  th e  
d if fe re n c e s  between th e  th re e  la n th a n o id c . The a to m iz a tio n  p r o f i le  
o b ta in ed  f o r  te rb ium  us in g  a ta n ta lum  s u rfa ce  i s  g r e a t ly  im proved in  
terms o f  s e n s i t i v i t y  and peak shape. T h is  may in d ic a te  ca rb id e  
fo rm a tio n  when a g ra o h ite  s u r fa ce  i s  used. However ca rb id e  fo rm a tio n  
on p y r o ly t ic a l ly  coated g ra p h ite  i s  u n l ik e ly  and i t  more p ro ba b le  
th a t  th e  ta n ta lum  su rfa ce  i t s e l f  h e lp s  to  promote th e  v o la t i l iz a t i o n  
o f  te rb ium .
The r e s u lt s  o b ta in ed  from  th e  A rrh e n iu s  typ e in v e s t ig a t io n s  a re  
q u e s tio n a b le  e s p e c ia l ly  in  th e  lew  te m p era ture  re g io n s . However,the 
d i f f e r e n t  behav iou r o f  te rb iu m  i s  ag a in  emphasised. A c o r r e la t io n  can 
be made between th e  a c t iv a t io n  en e rg ie s  o b ta in e d  f o r  samarium and 
europium and th e i r  heats  o f  su b lim a tio n  in  th e  h ig h  tem perature 
re g io n . A s im i la r  c o r r e la t io n  was n o t found f o r  te rb iu m . The reason 
fo r  t h is  la c k  o f  c o r r e la t io n  in  th e  case o f  te rb ium  may be inco m p le te  
a to m iz a tio n  o f  th e  more r e f r a c to r y  te rb iu m  even in  th e  h ig h  
tem pera ture  re g io n  due to  i t s  r e f r a c to r y  n a tu re . T h is  i s  supported  by 
th e  neu tro n  a c t iv a t io n  r e s u lt s  which in d ic a te  th a t  a p p ro x im a te ly  40 
pe r ce n t o f  th e  te rb ium  rem ains on th e  fu rn a ce  a f t e r  a to m iz a tio n . 
These experim en ts  suggest th a t  th e  predom inant a to m iz a tio n  process is  
therm a l d is s o c ia t io n  o f  th e  ox id e .
C arb ide  fo rm a tio n  can occu r, p r io r  to  a to m iz a tio n , bu t i s  le ss  
l i k e l y  when us in g  a p y r o ly t ic a l ly  coated fu rn a c e . However w ith  
pro longed use, th e  s u rfa ce  o f th e  p y r o ly t ic a l ly  coated fu rn a ce  may
d e te r io ra te  and ca rb id e s  may th en  fo rm . T h e re fo re , i t  i s  im p o rta n t in  
th e  measurement o f  these e lem ents th a t  th e  p y r o ly t ic  co a tin g  o n .th e  
fu rn ace s  i s  m a in ta ine d .
CHAPTER 4
INTERFERENCES
4 .1 )  INTROOUriON.
In te r fe re n c e  e f fe c t s  on samarium, europium  and te rb iu m  were 
in v e s t ig a te d . Hie e f f e c t  o f  in c re a s in g  q u a n t i t ie s  o f  bo th 
h y d ro c h lo r ic  and n i t r i c  a c id  on th e  a n a ly te  response was te s te d . 
In te re le m e n t in te r fe re n c e  from  th e  o th e r  la n th a n o id s  and y t t r iu m  was 
a ls o  te s te d . The r a t i o  o f  i n te r f e r s n t  to  a n a ly te  mas v a r ie d  from  10 
to  1 to  100 to  1 and in te r fe re n c e  was te s te d  across th e  e n t ir e  
c a l ib r a t io n  range.
4 .2 )  EFFECT OF INCREASING CONCENTRATIONS OF ACID.
The e f fe c t  o f  in c re a s in g  q u a n t i t ie s  o f  h y d ro c h lo r ic  and n i t r ic ,  
a c id s  on th e  a n a ly te  response was te s te d . In  a h y d ro c h lo r ic  a c id  
m a tr ix , th a  c h lo r id e  com plex i s  u s u a lly  p re se n t p r io r  t o  a to m iz a tio n , 
however in  a n i t r i c  a c id  m a tr ix  the n i t r a te s  u s u .- l ly  th e rm a lly  
d is s o c ia te  to  J 'ie  o x id e s . However th e  la n th a n o id  c h lo r id e s  a l l  
hyd ro lyse  to  th e  o x y c h lo r id e s  on e v a p o ra tio n  and above 1000°C 
these decompose to  th e  o x id e . T h e re fo re  in  th e  case o f  the 
la n th a n o id s , th e  ox id e  in te rm e d ia te  p r io r  to  a to m iz a tio n  can be 
expected in  bo th  a c id  m edia.
Optimum a to m iz a tio n  c o n d it io n s  e s ta b lis h e d  p re v io u s ly  were used. 
The h y d ro c h lo r ic  and n i t r i c  a c id  c o n c e n tra t io n s  were v a r ie d  from  0 .05  
to  3.0M and 0 .06  to  4.0M r e s p e c t iv e ly .
Fo r e u ro p iu m ,in c re a s in g  q u a n t i t ie s  o f h y d ro c h lo r ic  o r  n i t r i c  
a c id  d id  n o t a f fe c t  th e  a to m iz a tio n  peak h e ig h t.  T h is  suggests th a t 
th e  europium  a to m iz a tio n  process i s  n o t in flu e n c e d  by la rg e  
q u a n t i t ie s  o f e i th e r  oxygen o r  hydrogen c h lo r id e  gas.
Fo r sam a riu m ,in c re as in g  q u a n t i t ie s  o f  h y d ro c h lo r ic  a c id  d id  n o t 
in f lu e n c e  th e  a to m iz a tio n  peak h e ig h t. N i t r i c  a c id  in  co n c e n tra t io n s  
g re a te r  th an  0.4M caused a sup pre ss io n  o f  th e  samarium a to m iz a tio n  
peak and a t  co n c e n tra t io n s  in  excess o f  2.01*1 caused a double
a to m iz a tio n  peak.
For te rb iu m ,in c re a s in g  q u a n t i t ie s  o f  h y d ro c h lo r ic  a c id  caused a 
s l i g h t  re d u c tio n  in  peak h e ig h t From 0 .05  to  0.51*1 a c id  above w h ich
Tfiis is probo-oiu Oua. ha dcyrad<xwor, cl, 1
th e  peak rem ained constant.A  N i t r i c  a c id  caused severe sup pre ss io n  o fh*avi oua ,
th e  a to m iz a tio n  peak a t  co n c e n tra t io n s  g ra a te r  than 0.4(1 and a t  
c o n c e n tra t io n s  in  excess o f  1 .DM produced a doub le  a to m iz a tio n  peak.
A t h ig h  temperatures^, n i t r i c  a c id  decomposes to  oxygen and 
n itro g e n  o x id e s . A t low  c o n c e n tra t io n s  o f  n i t r i c  r z id , th e s e  spe c ies  
may no t a f f e c t  th e  a to m iz a tio n  p ro cess , however a t  h ig h  
co n c e n tra t io n s  th e  excess oxygen in  th e  system may in  some way 
in te r fe r e  w ith  th e  a to m iz a tio n  p ro cess . T h is  in te r fe re n c e  c o u ld  be 
due to  reco m b ina tion  o f thie e le m e n ta l spe c ies  to  fo rm  ox ides in  the 
vapour phase o r  th e  excess oxygen p re se n t may in h i b i t  d is s o c ia t io n  o f 
th e  ox io e  p r io r  to  a to m iz a tio n . I t  would be expected th a t  p r io r  to  
a to m iz a tio n  th e  sesq u io x ide s  would be con ve rte d  to  th e  m onoxide. 
A lthough these a re  n o t s ta b le  f o r  most o f  th e  la n th a n o id s , under 
c e r ta in  c o n d it io n s  o f  tem pera ture  and p re ssu re  th ey  may be form ed. 
Thermodynamics would p r e d ic t  th a t  te rb ium  form s the most s ta b le  
monoxide (bond d is s o c ia t io n  energy 704 k J /m o l)  fo llo w e d  by samarium 
(bond d is s o c ia t io n  energy 567 k J /m o l)  and europium  (bond d is s o c ia t io n  
energy 479 k J /m o l) . T he re fo re  i t  seems l i k e l y  th a t  t h is  e f fe c t  would 
be most p rom inen t f o r  te rb ium  and le a s t  p rom inen t fo r  europium .
4 .3 )  INTERELEMENT INTERFERENCE.
In te r fe re n c e  from  th e  la n th a n o id s  and y t t r iu m  on each o f 
europium , samarium and te rb ium  was e s ta b lis h e d . The e x te n t o f  
in te r fe re n c e  wes te s te d  across th e  w id e s t p o s s ib le  a n a ly t ic a l  range 
s in c e  Sen Gupta52 m entions th a t  in te r fe re n c e  can be overcome by 
d i l u t i o n . ( The d i lu t io n  e f fe c t  i s  commonly used to  overcome 
in te r fe re n c e  in  flam e system s. The p r in c ip le  o f  t h is  in v o lv e s  
re d u c tio n  o f  th e  t o t a l  number o f  atoms in  th e  l i g h t  p a th , a lth o u g h  
th e  r a t io  o f  in te r fe r e n t  to  a n a ly te  does no t change.)
An in te r fe r e n t  to  a n a ly te  r a t i o  o f  100, 50 and 10 to  1 was used, 
to  e s ta b lis h  the e x te n t o f  in te r -e le m e n t in te r fe re n c e , fo r  europium , 
samarium and te rb iu m . To s im p l if y  th e  experim en ts ,each in te r fe r e n t
was added in d iv id u a l ly  to  th e  a n a ly te  s in c e  i t  was th ou gh t th a t 
m ix tu re s  o f in te r fe r e n ts  would o n ly  serve  to  co m p lica te  and e lo ng a te  
th e  in v e s t ig a t io n .  I t  was found th a t  in  th e  presence o f  th e  o th e r 
la n th a n o id s  i t  was necessary to  in c re a se  th e  ash te m p ertu re  to  
1000°C fo r  te rb ium  and europium and to  12Q0°C f o r  samarium.
T h is  d id  n o t cause a s ig n i f i c a n t  decrease in  s e n s i t i v i t y  f o r  these 
elem ents in  th e  absence o f  in te r fe r e n t .
4 .3 .1 }  In te r fe re n c e  E f fe c ts  on Europium.
In te r fe re n c e  from  lanthanum , ce rium , praseodymium, neodynium, 
samarium, ga d o lin iu m , te rb iu m , dysprosium , holmium, e rb iu m , th u l l iu m , 
y t te rb iu m , lu te t iu m  and y t t r iu m  on th e  eurcoium  response was 
e s ta b lis h e d  a t  r a t io s  o f 100, 50 and 10 to  1 . * 0 .5 ,  1 .0 ,  1 .5 ,  2 .0  and 
2 .5  ng , " *n each case. The e f f e c t  o f  the
in te r fe re n c e  on th e  a n a ly t ic a l  peak h e ig h t was de te rm ined as be ing  a 
pe rcentage enhancement o r  suppress ion  o f  th e  o r ig in a l  peak ( i . e .  th a t  
i n  th e  absence o f  th e  in t e r f e r e n t ) . A 10 pe r ce n t e r r o r  m argin was 
a llo w e d  in  th e  measurement o f  a n a ly t ic a l  peaks and peaks were 
measured in  a t  le a s t  d u p l ic a te .
The europium  peaks were n o t a p p re c ia b ly  enhanced o r  suppressed 
f o r  th e  elem ents te s te d . In  th e  presence o f  100 fo ld  excess o f 
e lem ents such as samarium and y t te rb iu m ,th e re  was some peak 
broaden ing bu t th e  peak h e ig h t remained w i th in  th e  10 pe r ce n t e r r o r  
m arg in . However la rg e  amounts o f  th e  more r e f r a c to r y  la n th a n o id s  d id  
reduce th e  usa b le  l i f e  o f  th e  g ra p h ite  fu rn a ce  and th e  tu be  had to  be 
re p la ced  more fre q u e n t ly  than usu a l under these c o n d it io n s .
4 .3 .2 )  In te r fe re n c e  E f fe c ts  on Samarium.
In te r fe re n c e  from  lanthanum , ce rium , praseodymium, neodynium, 
europ ium , ga d o lin iu m , te rb iu m , dysprosium , holmium, erb ium , th u l l iu m , 
y tte rb iu m , lu te t iu m  and y t t r iu m  was e s ta b lis h e d  a t r a t io s  o f  100, 50 
and 10 to  1 4 2 . 5 ,  5 .0 , 7 .5 ,  10 .0 and 12 .5  ng . ‘ ■
1 in  each case. The e f fe c t  o f  th e  in te r fe r e n t  was determ ined 
in  th e  same manner as th a t  o f  europium .
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"h e re  was found to  be no in te r fe re n c e  from  lanthanum , cerium , 
Praseodymium, neodymium, ga d o lin iu m , te rb iu m , dysprosium , holmium, 
erb ium , lu te t iu m  and y t t r iu m  a t  th e  aforem en tioned r a t io s .  However a t  
r a t io s  o f  50 and 100 to  1 europium , th u l l iu m  and y tte rb iu m  caused a 
sup pre ss io n  o f th e  a n a ly t ic a l  peak h e ig h t o f  le s s  than 20 pe r c e n t. 
The e f fe c t  o f  th e  presence o f europium , th u l l iu m  and y tte rb iu m  on th e  
samarium c a l ib r a t io n  curve  i s  shown in  F ig u re  19. As can be seen, 
in te r fe re n c e  can be overcone by d i lu t io n  o f  th e  sample s o lu t io n  s in ce  
a t  low co n c e n tra t io n s  o f  samarium in te r fe re n c e  i s  le s s  seve re . I t  i s  
in te r e s t in g  to  no te  th a t  th e  elem ents w hich in te r fe r e  in  th e  samarium 
response a re , l i k e  samarium, th e  more v o la t i le  la n th a n o id s . I t  i s  
p o s s ib le  to  p o s tu la te  an in te r fe re n c e  mechanism based on t h is .  I f  
a to m iz a tio n  o f  these more v o la t i l e  spe c ies  gene rates more o f  th e  
e lem ent i n  th e  vapour phase th en  i t  p o s s ib le  th a t  some typ e  o f  mixed 
compound i s  be ing  form ed and hence le s s  samarium e x is ts  as atoms in  
th e  vapour phase and hence i s  a v a i la b le  fo r  measurement. I f  
a to m iz a tio n  in  a l l  cases i s  due to  th e rm a l d is s o c ia t io n  o f  th e  ox id e  
then ,pe rhaps, th e  excess q u a n t i ty  o f  oxygen p re s e n t, due to  th e  
d is s o c ia t io n  o f  th e  monoxides o f  th u l l iu m ,  y tte rb iu m  and europium , 
causes vapour phase reco m b ina tion  o f samarium m onoxide. Samarium 
monoxide i s  more s ta b le  than th e  ox id e s  o f  th u l l iu m ,  europium  and 
y tte rb iu m  b u t le s s  s ta b le  th an  th e  ox id es  o f th e  o th e r la n th a n o id s .
4 .3 .3 )  In te r fe re n c e  E f fe c ts  on Terbium
In te r fe re n c e  from  lanthanum , ce rium , praseodymium, neodymium, 
samarium, europ ium , ga d o lin iu m , dysprosium , holmium, erb ium , 
th u l l iu m ,  y tte rb iu m , lu te t iu m  and y t t r iu m  was e s ta b lis h e d  a t  r a t io s  
o f  100, 50 and 10 to  1 . 25 , 50 , 75 , 100 and 125 ng o f  te rb iu m  was 
atom ized in  each case. The e f fe c t  o f  th e  in te r fe r e n t  was determ ined 
i n  th e  same manner as th a t  o f  europium and samarium.
There was found to  be severe in te r fe re n c e  on th e  te rb ium  
response from  a l l  th e  la n th a n o id s  even a t  r a t io s  o f 10 to  1 . The 
in te r fe re n c e  cou ld  be d iv id e d  in to  two d is t in c t  p a tte rn s . Samarium, 
th u l l iu m , y tte rb iu m  and europium  a l l  caused a suppress ion  ( o f  le ss  
th an  50 pe r c e n t)  o f  th e  te rb ium  response, an e f fe c t  which inc rea sed
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Figure IB : Interference Effect of (a) 50 times excess Europium, 
(b) 100 times excess Europium, (c) 50 times excess 
Ytterbium, (d) 100 times excess Ytterbium, (s) SO tii 
excess Thulllum end (f) 100 times excess Thullium on 
Samarium Calibration Curve. In each case curve (1) ii 
samarium calibration curve end curve ( i i )  is the 
calibration in t. presence of the intarferent.
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F ig u re  19B : In te r fe re n c e  e f fe c t  o f  th e  o th e r la n th a n o id s  on th e  
te rb ium  response. In te r fe re n t  to  a n a ly te  r a t i o ,  10 :1 . 
B a se line  i s  th e  te rb ium  response in  th e  absence o f  the  
o th e r la n th a n o id s .
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w ith  in c re a s in g  te rb ium  c o n c e n tra t io n  ( i . e .  th e  normal d i lu t io n  
e f f e c t ) .  The o th e r la n th a n o id s  caused an enhancement o f  th e  te rb iu m  
response which was worse a t  low er c o n c e n tra t io n s  o f te rb ium  th an  a t 
h ig h e r .  In  s o lu t io n s  c o n ta in in g  25 ng o f te rb iu m  th is  e f fe c t  exceeded 
100 pe r cen t enhancement in  the presence o f  50 fo ld  excess o f 
dysp ros ium , erb ium  and ga d o lin iu m . However a t  125 ng te rb iu m  th e re  
was o n ly  a 50 pe r ce n t enhancement i n  th e  presence o f th e  same 
in te r fs r e n t s  a t  th e  same r e la t iv e  c o n c e n tra t io n s .
An a ttem p t was made to  de te rm ine th e  in te r fe re n c e  mechanism in  
each o f  th e  above cases. F or s im p l ic i t y  erb ium  uas chosen as an 
example o f  th e  enhancement e f fe c t  and samarium as an example o f  the  
sup pre ss ive  e f fe c t .
4 .3 .3 .1 )  In te r fe re n c e  from  Erbium.
In  t h is  e xp e rim e n t,th e  te rb ium  c o n c e n tra t io n  was m ain ta ined 
co n s ta n t and th e  erb ium  c o n c e n tra t io n  v a r ie d . In  each case 100 ng o f 
te rb ium  was atom ized and th e  amount o f  erb ium  v a r ie d  from  2 to  10 000 
ng. The co rrespond ing  r a t io s  o f erb ium  to  te rb ium  were 1 to  50 , 1 to  
20 , 1 to  10 , 1 to  1 , 10 to  1 , 20 to  1 , 50 to  1 and 100 to  1 ( i . e .  
from  excess te rb ium  to  excess e rb iu m ). The peaks h e ig h t o b ta in e d  on 
a to m iz a tio n  o f  these m ix tu re s  were compared to  an a to m iz a tio n  peak 
h e ig h t o b ta in e d  i o r  te rb iu m  a lo n e , a la r g e r  o r  s m a lle r  peak be ing  an 
in d ic a t io n  o f  enhancement o r  suppress ion  r e s p e c t iv e ly .
R e p ro d u c ib i l it y  was good th e re fo re  each peak was o n ly  measured in  
d u p l ic a te .  The r e s u lt s  o f  t h is  experim en t a re  d ia g ra m m a tica lly  
rep re se n te d  in  F ig u re  20 . Exam ination  o f t h is  diagram  shows th a t  
r a t io s  o f  erb ium  to  te rb ium  fr o #  1 to  1 to  20 to  1 cause a dra m a tic  
in c re a s e  in  th e  te rb ium  a to m iz a tio n  peak h e ig h t.  R a tio s  o f 50 to  1 
and 100 to  1 (e rb iu m  to  te rb iu m ) cause a decrease in  th e  te rb iu m  
response. T h is  e f f e c t  i s  d i f f i c u l t  to  e x p la in  b u t a p o s s ib le  
e x p la n a tio n  i s  th a t  i n i t i a l l y  the  a d d it io n  o f  these la n th a n o id s  
re le a se  more te rb ium  as th e  e lem ent d u r in g  a to m iz a tio n  bu L \ h ig h e r 
c o n c e n tra t io n s  t h is  e f fe c t  i s  n u l l i f ie d .
4 .3 .3 .2 )  In te r fe re n c e  from  Samarium.
In te r fe re n c e  e f fe c ts  in  th e  presence o f  samarium were te s te d  in  
th e  same manner as te rb ium  in te r fe re n c e . 100 ng o f  te rb ium  was 
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10 000 ng o f  samarium corresp on d in g  to  r a t io s  o f  1 to  50 , 1 to  20, 1 
to  10, 1 to  1 , 10 to  1 , 20 to  1 , 50 to  1 and 100 to  1 (samarium to  
te ro iu m ). Again th e  a to m iz a tio n  peak h e ig h t o b ta in ed  w ith  and w ith o u t 
samarium p re sen t was compared. In  t h is  case.,an in c re a se  in  th e  amount 
o f  samarium p re sen t caused a corresp on d in g  in c re a se  in  th e  te rb ium  
a to m iz a tio n  peak as shown in  F ig u re  21 . I t  was th ou gh t th a t  th is  
e f f e c t  cou ld  be due to  some k in d  o f  background no ise  o r  s p e c tra l 
o v e r la p . T h e re fo re  these m ix tu re s  were remeasured under th e  same 
c o n d it io n s  except th a t  de u te rium  background c o r re c t io n  was employed. 
R esu lts  t h is  tim e seemed to  in d ic a te  th a t  up to  r a t io s  o f  1 to  1 
(samarium to  te rb iu m ) th e  te rb iu m  a to m iz a tio n  peak h e ig h t was no t 
in flu e n c e d  by the  samarium p re s e n t. H igher q u a n t i t ie s  o f  samarium 
gave la rg e  n e g a tiv e , overcompensated peaks which suggests th a t  th e  
deuterium  system cou ld  n o t c o r r e c t  f o r  th e  background p re s e n t. I t  was 
in  fa c t  found th a t  va ry in g  q u a n t i t ie s  o f  samarium when atom ized from  
th e  fu rn a c e , a t  th e  te rb ium  w ave length and us in g  a te rb ium  ho llo w  
cathode lam p, e x h ib ite d  c a l ib r a t io n  curve  c h a r a c te r is t ic s  suggesting  
th a t  some s o r t  o f  s p e c tra l o v e r la p  i s  th e  in te r fe re n c e  e f fe c t  in  t h is  
case . T h is  means th a t  to  overcome in te r fe re n c e  from  samarium th a t  th e  
te rb ium  and samarium would have to  separa ted  from  each o th e r .
4 .4 )  DISCUSSION.
D if fe r e n t  in te r fe re n c e  e f fe c t s  were found f o r  each o f  the  
la n th a n o id s  under in v e s t ig a t io n .  Europium was r e la t iv e ly  th e  most 
in te r fe re n c e  fre e  and cou ld  e a s i ly  be measured a c c u ra te ly  in  samples 
in  th e  presence o f  even 100 fo ld  excess o f  th e  o th e r  la n th a n o id s . 
Samarium d id  s u f fe r  in te r fe re n c e  from  th e  o th e r v o la t i l e  la n th a n o id s  
a t  r a t io s  o f  g re a te r  th an  50 to  1 . T h e re fo re  i t  would be p o s s ib le  to  
measure samarium in  th e  presence o f  these o th e r la n th a n o id s  as lon g  
th ey  were n o t in  g re a t excess. Terbium , however, i s  s u b je c t to  
severe in te r fe re n c e  from  th e  o th e r  la n th a n o id s . T h is  in te r fe re n c e  i s ,  
in  some cases, due to  s p e c tra l e f fe c t s  and in  o th e r  cases to  chem ica l 
e f fe c t s .  T h e re fo re  i t  would be im p o ss ib le  to  measure te rb ium  in  
samples in  th e  presence o f th e  o th e r  la n th a n o id s  and i t  would be 
necessary to  sep ara te  th e  te rb iu m , fo r  example by io n  exchange 
chrom atography, p r io r  to  measurement. Terbium  i s  one o f  th e  more
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r e f r a c to r y  la n th a n o id s  and a ls o  has a h ig h  monoxide bond d is s o c ia t io n  
energy53 .
Using th e  in fo rm a tio n  ob ta in e d  from  th e  d e ta ile d  s tudy o f  these 
th re e  la n th a n o id s  i t  i s  p o s s ib le  to  p o s tu la te  some in te r fe re n c e  
e f fe c ts  fo r  th e  o th e r la n th a n o id s . Y tte rb iu m , which has a s im i la r  
vapour p re ssure  to  europium  (see Tab le  3 )  and monoxide bond 
d is s o c ia t io n  energy53, would a ls o  be expected to  be r e la t iv e ly  
in te r fe re n c e  f r e e .  T h u lliu m  i s  s l i g h t l y  le s s  v o la t i l e  than samarium 
(see Tab le 3) bu t has a low e r monoxide hgnd d is s o c ia t io n  
energy53 . C onsequently t h is  e lem ent may be au.=ue*w_ to s im i la r  
in te r fe re n c e  a* fev^cof - samarium. L u te tiu m , ga d o lin iu m ,
lanthanum , ce rium , praseodymium and neodynium are r e f r a c to r y  
la n th a n o id s  (see Tab le 3) and have h ig h  monoxide bond d is s o c ia t io n  
en e rg ie s53. These e lem ents may th e re fo re  be s u b je c t to  
in te r fe re n c e  e f fe c t s  s im i la r  to  those experienced by te rb iu m . T h is  
lea ves  th e  group o f  la n th a n o id s  dysprosium , holmium and erb ium . T h e ir  
vapour p ressures and monoxide bond d is s o c ia t io n  e n e rg ie s  l i e  between 
those o f  te rb iu m  and samarium th e re fo re  th e  in te r fe re n c e  e f fe c t s  w i l l  
p ro ba b ly  be le s s  severe than those o f  te rb iu m  b u t more severe than 
those o f  samarium.
CHAPTER 5
ANALYSIS OF SAMPLES
S e vera l samples were analysed in  o rd e r to  de te rm ine i f  an 
a n a ly t ic a l  method fo r  th e  d e te rm in a tio n  o f  some o f  th e  la n th a n o id  
elem ents c o u ld  be developed. A t th e  b e g in n in g  o f  t h is  in v e s t ig a t io n ,  
optimum c o n d it io n s  were e s ta b lis h e d  fo r  tw e lve  o f  th e  la n th a n o id s  and 
th e re fo re  an attempt- was made to  de te rm ine as meny o f  these tw e lve  as 
p o s s ib le  i n  th e  sam ples. U n fo r tu n a te ly  i t  was n o t p o s s ib le  to  
de te rm ine e i th e r  praseodynium  o r  neodynium s in c e  th e  h o llo w  cathode 
lamps used a t  th e  be g in n in g  o f  t h is  in v e s t ig a t io n  were no lon ge r 
a v a i la b le .  T he re fo re  te n  o f  th e  o r ig in a l  tw e lve  la n th a n o id s ; v iz .  
samarium, europium , ga d o lin iu m , te rb iu m , dysprosium , holmium, erb ium , 
th a l l iu m ,  y tte rb iu m  and J.u te tium , were in v e s t ig a te d .
5 .1 )  SAMPLE TYPE.
The samples analysed were South A fr ic a n  re fe re n ce  samples NIC1 
66 /69 (a  h ig h  grade m onazite from  th e  Rynsdorp a re a ) , NIPI 39 /70 (a 
low  grade m onazite from  th e  R icha rds Say a re a ) , NIP) 59 /70 (a  medium 
grade m onezite rede by m ix in g  one p a r t  o f  Nil') 65 /89 to  two p a r ts  o f  
NIM 3 9 /7 0 ), NIM 18/69 (a c e rb o n a tite  from  South West A f r ic a )  and NIM 
35/71 and 36/71 (tw o  s y e n ite  ro c k s ) .  A lth ou gh recommended va lu es  are 
n o t a v a i la b le  fo r  a l l  th e  la n th a n o id s  in  these samples, a s e t o f 
p re fe r re d  va lu es  f o r  th e  la n th a n o id s  in  NIM 66 /5 9 , NIC! 39 /70 and NIM 
59 /70 has p re v io u s ly  been e s ta b lis h e d ^ .  Furtherm ore these 
samples a re  used as " in -h o u s e " re fe re n ce  m a te r ia ls  a t  th e  C o u n c il fo r  
m in e ra l Technology and th e  a n a ly t ic a l  r e s u lt s  fo r  th e  la n th a n o id  
e lem ents , a lth ou gh  n o t in  s u f f i c ie n t ly  la rg e  enough numbers fo r  a 
s t a t i s t i c a l  e v a lu a t io n , have been reco rd ed . Sen Gupta52.53  has 
de te rm ined th e  la n th a n o id s  in  NIM 18 /6 9 , NIM 35/71 and NIM 36/71 by 
s e v e ra l techn iques in c lu d in g  flam e and g ra p h ite  fu rn a ce  atom ic  
a b so rp tio n  spe ctrosco py.
5 .2 )  ANALYTICAL. METHOD USED.
S e ve ra l methods f o r  th e  d is s o lu t io n  o f la n th a n o id  co n ta in in g  
m a te r ia ls  a re  a v a i la b le .  Sen Gupta^S.53 t re a te d  th e  sample w ith  
h y d ro f lu c  i c ,  n i t r i c  and p e rc h lo r ic  a c id s  fo llo w e d  by fu s io n  o f  any 
r e s id u a l m a te r ia l w ith  po tassium  p y ro s u lp h a te . Horsky and 
F le tc h e r ^  used rep ea ted tre a tm e n t w ith  h y d r o f lu o r ic  and 
p e rc h lo r ic  a c id s  to  d is s o lv e  th e  sam ple. O ther methods used m ain ly  
c o n s is t  o f  fu s io n  techn iq ue s  u s in g  a v a r ie t y  o f  f lu x e s .
I n  t h is  in v e s t ig a t io n , th e  sample was fu sed  w ith  po tassium  
b i f lu o r id e  and leached in  10 pe r c e n t, by volum e, h y d r o f lu o r ic  a c id .  
S ince th e  la n th a n o id  f lu o r id e s  a re  in s o lu b le ,  th ey  a re  p r e c ip ita te d ,  
a lo ng  w ith  any o th e r in s o lu b le  f lu o r id e s  and a f t e r  d ig e s t io n  o f  the  
f i l t r a t e  w ith  p e rc h lo r ic  a c id ,  d is s o lv e d  in  h y d ro c h lo r ic  a c id .  The 
accu racy o f  t h is  method has been In v e s t ig a te d  a t  th e  C ou nc il fo r  
M in e ra l T echno logy^  by th e  a d d it io n  o f  a ra d io a c t iv e  tra c e r  
139cg to  an o re  p r io r  to  fu s io n  and c a lc u la t io n  o f  th e  amount o f  
139ce pre sen t in  th e  in s o lu b le  f lu o r id e  re s id u e . The cerium  
c o n te n t i n  th e  p r e c ip i ta te  was 99 pe r ce n t and s in c e  cerium  f lu o r id e  
i s  th e  most so lu b le  o f th e  la n th a n o id  f lu o r id e s ,  i t  can be assumed 
th a t  th e  o th e r  la n th a n o id  f lo u r id e s  a re  p r e c ip ita te d  as w e l l .
I t  has been recommended by s e ve ra l i n v e s t ig a to r s ^ ,54  th a t  
th e  la n th a n o id s  a re  sep a ra ted  from  th e  m a tr ix  p r io r  to  measurement by 
e le c tro th e rm a l a to m iz a tio n . M a z z u c o te lli and Frache in v e s tig a te d  
in te r fe re n c e  from  th e  m ajor m a tr ix  c o n s t itu e n ts  on dysprosium , 
holm ium, th u l l iu m  and y tte rb iu m ^ ’'' and recommended an io n  exchange 
p ro c e d u re 's . 5en OuptaSZ separa ted  ahd con cen tra ted  the 
la n th a n o id s  by c o - p re c ip i ta t io n  o f t h e i r  o x a la te s  w ith  ca lc iu m  and 
se p a ra tio n  o f th e  ca lc iu m  by c o - p re c ip i ta t io n  o f  th e  la n th a n o id s  w ith  
a sm a ll amount o f  added i r o n .
In  t h is  in v e s t ig a t io n ,s e p a ra t io n  was e f fe c te d  us ing  a c a t io n  
exchange re s in ,  B io  Rad AG50W-X8 (200 to  400 m esh). T h is  p a r t ic u la r  
r e s in  has been used by se ve ra l workers^ »SS and has been 
th o ro u g h ly  in v e s t ig a te d  a t  th e  C ou nc il fo r  M in e ra l T echno logy^  
f o r  th e  s e p a ra tio n  o f th e  la n th a n o id s  from  th e  m a tr ix .  The columns 
used were made o f  b o r o s i l ic a te  g la ss  and were 30 cm in  le n g th  and
2 cm in  in te r n a l  d ia m e te r, ft n o .2 s in te re d  g la ss  d is c  was used as th e  
r e s in  s u p p o rt. 45ml o f  AG50W-X8 was p la ced  in  th e  column, r in s e d  w ith  
w a te r and a llo w e d  to  d ra in .  The sample s o lu t io n ,  c o n ta in in g  6 per 
c e n t h y d ro c h lo r ic  a c id ,  was added and a llo w e d  to  f lo w  th ro ug h  th e  
colum n. The m a tr ix  im p u r it ie s  were e lu a te d  f i r s t  w ith  I.QSM 
h y d ro c h lo r ic  a c id  and d isca rd e d , th en  th e  la n th a n o id s  were e lu a te d  
w ith  400ml o f  4M h y d ro c h lo r ic  a c id .  T h is  s o lu t io n  was reduced to  low 
volume on a h o tp la te  and made up w ith  1 per ce n t h y d ro c h lo r ic  a c id  
fo r  measurement by e le c tro th e rm a l a to m iz a tio n .
5 .3 )  MEASUREMENT PROCEDURE.
In s tru m e n t c o n d it io n s  used fo r  each o f  th e  la n th a n o id  e lem ents 
were as de scrib ed  p re v io u s ly  (T a b le  4 ) .  Furnace c o n d it io n s  were 
op tim ize d  fo r  te rb iu m , samarium and europium  in  th e  sample s o lu t io n
i . e .  i n  th e  presence o f  th e  o th e r  la n th a n o id s . An ash tem pera ture  o f  
lOOCi^C appeared to  be optimum f o r  these e lem ents and was 
s te  id a rd ise d  f o r  a l l  th e  la n th a n o id s . The a to m iz a tio n  tem perature 
used in  each case was 2700°C.
The c o n c e n tra t io n  o f  Lanthano id  e lem ent in  each sample was 
de te rm ined by two m ethods. A c a l ib r a t io n  curve  was o b ta in e d  by 
p lo t t in g  the  a to m iz a tio n  peak h e ig h t versus co n c e n tra t io n  fo r  a 
s e r ie s  o f  s ta nd ard  s o lu t io n s .  The c o n c e n tra t io n  o f la n th a n o id  in  th e  
sample was c a lc u la te d  from  t h is  g raph . T h is  method was c a l le d  d i r e c t  
c a l ib r a t io n .  The o th e r method used was th a t  o f  a n a ly te  a d d it io n s .
T h is  was c a r r ie d  o u t i n  th e  fu rn a ce  i t s e l f  us in g  th p  a n a ly te  
a d d it io n s  fe a tu re  o f  th e  GTA-95. A co n s ta n t volume o f  sample was 
p ip e tte d  on to  th e  fu rn a c e , i n  each case, and va ry in g  volumes o f 
s ta nd ard  s o lu t io n  added, th e  t o t a l  volume p ip e tte d  on to th e  fu rn ace  
was th en  a d ju s te d  to  2 ^ ;1 w ith  b la nk  s o lu t io n .  A graph i s  p lo t te d  and 
the  co n c e n tra t io n  o f  la n th a n o id  in  th e  sample c a lc u la te d  by 
e x t ra p o la t io n . T h is  method i s  used when in te r fe re n c e  pre ven t in  the 
sample causes th e  s lop e  o f  th e  c a l ib r a t io n  curve  to  v a ry , however, i t  
i s  n o t always s u cce ss fu l in  overcom ing a l l  types o f in te r fe re n c e .
A to m iza tio n  peak h e ig h t was measured in  a t  le a s t  d u p lic a te  fo r  
each s o lu t io n  and s in ce  each sample had been prepared in  d u p lic a te , 
co n c e n tra t io n  shou ld  be c a lc u la te d  w ith  reasonab le p re c is io n .
5 .4 )  RESULTS
The r e s u lts  o f  th e  a n a ly s is  o f  these samples a re  ta b u la te d  in  
Tab les 13 to  15 . The "o th e r  r e s u lt s "  used f o r  com parison a re  very 
v a r ia b le  bu t th e y  are th e  b e s t a v a i la b le  a r 1 very  few in te r n a t io n a l  
re fe re n ce  m a te r ia ls  have recommended v a lu e , f o r  a l l  th e  la n th a n o id s . 
From t h is  com parison i t  appears th a t  the la n th a n o id s  can be d iv id e d  
in to  th re e  d i s t i n c t  groups fo r  a n a ly s is  by e le c tro th e rm a l 
a to m iz a tio n . The f i r s t  group c o n s is ts  o f  those la n th a n o id s  w h ich  can 
be measured by d i r e c t  c a l ib r a t io n  in  most typ es  o f  sam ple, these are 
samarium, europium , th u l l iu m  and y tte rb iu m  (T ab le  1 3 ). The n e x t group 
c o n s is ts  o f  those e lem ents i n  w hich th e re  i s  in te r fe re n c e  d u r in g  th e  
measurement by d i r e c t  c a l ib r a t io n  b u t t h is  in te r fe re n c e  can be 
overcome by us in g  th e  a n a ly te  a d d it io n s  te ch n iq u e , these a re  
dysprosium , holmium and erb ium  (Tab le  I t i ) .  The la s t  group c o n s is ts  o f  
those e lem ents which cannot be measured by e le c tro th e rm a l a to m iz a tio n  
w ith  any r e a l degree o f  p re c is io n  o r  accu racy, these a re  te rb iu m , 
g a do lin ium  and lu te t iu m  (T ab le  1 5 ) . Terbium and lu te t iu m  a re  each 
s u b je c t to  severe in te r fe re n c e  in  th e  presence o f  th e  o the r 
la n th a n o id s . A lthough th e  r e s u lts  f o r  ga do lin ium  in  samples NIM 
6 6 /6 9 , 39/70 and 50 /7 1 , us in g  th e  s ta nd a rd  a d d it io n s  te ch n iq u e , were 
comparable to  th e  "o th e r  r e s u lt s " ,  th e  r e s u lt s  i n  NIM 18 /6 9, 35/71 
and 39/71 i ^ r e  n o t ve ry  good. Furtherm ore th e  r e p r o d u c ib i l i t y  in  th e  
measurement o f  ga do lin ium  in  these samples was poor and th e re fo re  
ga do lin ium  was in c lu d e d  in  th e  l a t t e r  g roup .
Tab le  13 : R e su lts  o f  A n a ly s is  o f  samples fo r  Samarium, Europium,
T h u lliu m  and Y tte rb iu m .








>11, " " Mg/g ""
tKulUw,
" " T " " 7. 7 * ? . . T ,
H6/l mlt Mg/, w . Mg/g Hilt w . , „ = Mg/,
! : » ’ “
m
A i s  the r e s u l t  by th e  d i r e c t  c a l ib r a t io n  method. 
B i s  th o  r e s u lt  by th e  s ta nd a rd  a d d it io n s  method.
Tab le 14 : R esu lts  o f  A n a ly s is  o f  samples fo r  D ysprosium , Holmium
and E rbium .
eiemwl 16/BB NIM 36/70 N)M 60/71 NIM 13/66 NIM 36/71 NIM 90/71
c c
VI/* Ul/ltfyitmlia w f k /
”
m” :  S
... ,1 1.«.‘  l.?f 
M l 1.3*
” “
P, /e «/. Vl/I ui/e Ug/l U|/| Ul/l Ul/l Ul/l Ul/l Ul/l u«/»
Bo1- 1™ .00 «5 15 ” 161 MS ... 170 Mrfi 30.' 1 M6.0, S.l ,1 9.6
„ „ Ul/l «8/| Ul/l Ul/l Ul/l U|/l Ul/l Ul/l U|/| Ul/l ui/i Hi.
1.0 i» 10 «7 SO 45 ,s
»"
11 .1, 17. 11 43 14 10. 1, 3,
A ',s the r e s u lt  by th e  d i r e c t  c a l ib r a t io n  method.
B i s  the r e s u lt  by th e  s ta nd ard  a d d it io n s  method.
C a re  the o th e r r e s u lt s  (n o t c e r t i f i e d ) .
• *  resalK .10 ( o '^ r  M  uxxP^ , W d  ^
Tab le  15 : R esu lts  o f  A n a ly s is  o f  samples fo r  G a d o lin liu m , Terbium 
and L u te tiu m .
Eleiwnl NfM 08/09 N<M 39/TO HIM tO/11 kim  ta/flB NIM 86/71 nim ae/71
□■dnlLnlua t! t t z "
»;• “
T
ue/i Ml/a Bl/i Mi/. «/■ »a/i "I/I «/« - i/ t M/i *|/s
B“ im 160^
Ul/1 «/. X /. Ul/, M -
Lumtue 7U 3)1 V .«*. B? W *■B-8 " .... -
A is  th e  r e s u lt  by th e  d i r e c t  c a l ib r a t io n  method.
B is  th e  r e s u lt  by th e  s ta nd ard  a d d it io n s  method.
C are th e  o the r r e s u lt s  (n o t c e r t i f i e d ) .
Prttt<.rnul ueUUL6,°. (oH\or reSvOtS ure. faSot. «. *. )
CHAPTER 6
CONCLUSIONS
The measurement o f  s e le c te d  lan tha no ic ! e lem ents by 
e le c tro th e rm a l a to m iz a tio n  atom ic  a b s o rp tio n  spectroscopy has been 
in v e s t ig a te d .
Optimum ash and a to m iz a tio n  tem pera tures have been e s ta b lis h e d  
fo r  tw e lve  o f  th e  la n th a n o id s  v iz .  neodymium, praseodynium , samarium, 
europium , ga d o lin iu m , te rb iu m , dysprosium , holmium, erb ium , th u l l iu m , 
y tte rb iu m  and lu te t iu m . C a lib ra t io n  curves and p re c is io n  o f  
measurement have a ls o  been e s ta b lis h e d .
Terbium , samarium and europium  were in v e s t ig a te d  in  more d e ta i l .  
These e lem ents were chosen because i n i t i a l  in v e s t ig a t io n  in d ic a te d  
th a t  d u r in g  a to m iz a tio n  from  th e  fu rn a ce  th ey  e x h ib ite d  d i f f e r e n t  
v o la t i l iz a t i o n  c h a r a c te r is t ic s  from  each o th e r.
A ttem pts were made to  de te rm ine th e  a to m iz a tio n  processes us ing  
a v a r ie ty  o f  te chn iq ue s . R esu lts  o f  these te s ts  in d ic a te d  th a t  
samarium and europium were s im i la r  i n  a to m iz a tio n  beha v iou r b u t th a t  
te rb ium  had q u ite  d i f f e r e n t  a to m iz a tio n  c h a r a c te r is t ic s .  However i t  
i s  th ou gh t th a t  i n  each case a to m iz a tio n  i s  p r im a r ily  th e  r e s u lt  of- 
therm a l d is s o c ia t io n  o f a monoxide in te rm e d ia te . Terbium would be 
expected to  fo rm  th e  most s ta b le  monoxide and exp erim en ta l 
o b se rva tio n  con firm s  th a t  a to m iz a tio n  o f  te rb ium  i s  more d i f f i c u l t  
th an  th e  o th e r s tudy elem ents.
h te r fe re n c e  e f fe c ts  on th e  th re e  la n th a n o id s  were te s te d . 
In te r fe re n c e  from  in c re a s in g  co n c e n tra t io n s  o f h y d ro c h lo r ic  and 
n i t r i c  a c id s  was q u a n t i f ie d .  In te r fe re n c e  was most aevere in  th e  case 
o f  te rb ium  b u t th e  samarium response was a ls o  suppressed by excess 
co n c e n tra t io n s  o f  n i t r i c  a c id .  T h is  i s  p ro ba b ly  a d i r e c t  r e s u lt  o f  
th e  inc rea se  in  th e  amount o f  oxygen p re sen t in  th e  fu rn ace  due to  
th e rm a l d is s o c ia t io n  o f  the n i t r i c  a c id .  In te re le m e n t in te r fe re n c e s  
were a ls o  e s ta b lis h e d . In te r fe re n c e  e f fe c t s  were te s te d  a t  s e le c te d  
a n a ly te  c o n c e n tra t io n s , fo r  in te r fe r e n t  to  a n a ly te  r a t io s  o f 10 , 50 
and 100 to  1 . There was no in te r fe re n c e  on the europium  response. 
There was a sup ress ion  o f  th e  samarium response from  excess europium .
y tte rb iu m  and th u l l iu m . T h is  was th ou gh t to  be a chem ica l 
in te r fe re n c e  due to  reco m b ina tion  in  th e  vapour phase. However th is  
in te r fe re n c e  cou ld  be overcome by d i lu t io n  s in ce  in te r fe re n c e  was 
more severe a h ig h  co n c e n tra t io n s  o f samarium. In  th e  case o f 
te rb iu m , in te r fe re n c e  was severe and cou ld  n o t be overcome so e a s i ly ,  
f i l l  th e  o th e r le n th a n o id s  e i th e r  suppressed o r  enhanced th e  te rb ium  
response to  some degree. For erb ium  th is  was found to  be a chem ica l 
e f f e c t  and in  sm a ll co n c e n tra t io n s  erb ium  a c tu a lly  a c ted  as a 
re le a s in g  agent fo r  te rb iu m . In  th e  case o f  samarium, in te r fe re n c e  
was found to  be s p e c tr a l.  In te r fe re n c e  on te rb ium  th e re fo re  i s  no t 
e a s i ly  overcome and some s o r t  o f  se p a ra tio n  o f  th e  te rb ium  from  th e  
o th e r la n th a n o id s  would be necessary p r io r  to  measurement.
An a ttem p t was then made to  measure th e  la n th a n o id s  in  s e le c te d  
ro ck  samples. C e r t i f ie d  re fe re n ce  m a te r ia ls  tu ith  recommended values 
f o r  a l l  th e  la n th a n o id s  mere n o t a v a i la b le  th e re fo re  s ix  " in -h o u s e " 
re fe re n ce  m a te r ia ls ,  which have been e x te n s iv e ly  analysed a t  M in te k , 
were used. These samples were fused w ith  po tassium  b i f lu o r id e  then 
th e  la n th a n o id s  were separa ted  from  th e  m a tr ix  by io n  exchange. 
R esu lts  o b ta in ed  in d ic a te d  th a t  th e  la n th a n o id s  cou ld  be s p l i t  in to  
th re e  groups, in  term s o f t h e i r  a n a ly s is ,  in  t h is  typ e  o f m a te r ia l.  
The f i r s t  group c o n s is te d  o f  those e lem ents f o r  which th e  a n a ly s is  
was r e la t iv e ly  uncom p lica ted  -  these were samarium, europium , 
y tte rb iu m  and th u l l iu m .  The second group c o n s is te d  o f  those elements 
fo r  which a n a ly s is  us in g  th e  method o f  a n a ly te  a d d it io n s  was 
necessary -  these were holmium, erb ium  and dysp ros ium . F in a l ly ,  th e  
la s t  group c o n s is te d  o f  those e lem ents f o r  which in te r fe re n c e  was to o  
severe to  a llo w  measurement w ith  any degree o f  accuracy -  these were 
te rb iu m , h ite t iu m  and gadolium .
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